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RY, CONCLUSIONS AND REC0TRlENI)ATIONS 
The o b j e c t ~ v e  of t h e  work d e s c r i b e d  i n  t h i s  r e p o r i  -qas t o  de te rmine  t h e  funda- 
menta l  mechanism which causes  s o l a r  c e l l s  w i t h  s i l v e r - t i t a n i u m  c o n t a c t s  t o  
degrade  when s t o r e d  i n  humid a tmospheres ,  kde used e l e c t r o c h e m i c a l  r e s t s  and 
p h y s i c a l  measurenlents t o  c h a r a c t e r i z e  t h e  d e g r a d a t i o n  p r o c e s s *  P h y s i c a l  
measurements i n c l u d e d  o p t i c a l  and e l e c t e o n  mic rographs ,  X-ray d i f f r a c t i o n ,  
e l e c t r o n  microprobe,  mass s p e c t r o s c o p y ,  and i n t e r n a l  r e f l e c t i o n  s p e c t r o s c o p y ,  
Micrographs of a  H e l i s t e k  s o l a r  c e l l  showed t h a t  bhe n lo t t l ed  s u r f a c e  i s  n o t  from 
t r u e  g r a i n s  of s i l v e r ,  idhat appeared t o  b e  g r a i n s  were i n  r e a l i t y  p l a t e a u s  and 
r i d g e s  i n  t h e  s i l i c o n  s u b s t r a t e  r e s u l t i n g  from t h e  e t c h i n g  p r o c e s s  used i n  
p r e p a r i n g  t h e  s i l i c o n  wafecs ,  The m o t t l e d  s u r f a c e  i s  simply t h e  con tour  of  
t h e  s i l i c o n  s u b s t r a t e  e r d n s m i t t e d  through t h e  s i l v e r  l a y e r .  No ev idence  f o r  
p o r o s i t y  was s e e n  from che mic rographs ,  The p o r e s  were s m a l l e r  than  cou ld  
b e  d e t e c t e d  by e l e c t r o n  microscopy. 
Mass s p e c t r o s c o p y  i d e n t i f  ked many contaminants  i n  s o l a r  c e l l s ,  even i n  
supposed ly  u l t r a c l e a n  s i l i c o n  wafe r s  which were ready f o r  c o n t a c t  e v a p o r a t i o n .  
The most impor tan t  contaminants  were c h l o r i d e  and f l u o r i d e  i o n s ,  The f l u o r i d e  
i o n s  are r e s i d u e  from t h e  h y d r o f k u o r i c  a c i d  e t c h i n g  p r o c e s s e s .  C h l o r i d e  i o n s  
come from h a n d l i n g  of t h e  p r o d u c t ,  and a s  i m p u r i t i e s  i n  t i t a n i u m .  
X-ray d i f f r a c t i o n  a n a l y s i s  d i d  n o t  g i v e  meaningful  r e s u l t s  and we concluded 
t h a t  t h i s  method i s  n o t  s e n s i t i v e  enough t o  i d e n t i f y  t h e  n a t u r e  of t i t a n i u m  
f i l m s  i n  s o l a r  c e l l s .  E l e c t r o n  microprobe d a t a  proved t h a t  t h e  c o n t a c t  l o s e s  
adhes ion  a t  t h e  s i l v e r - t i t a n i u m  i n t e r f a c e ,  
I n t e r n a l  r e f l e c t i o n  s p e c t r o s c o p y  was t h e  most p r o d u c t i v e  p h y s i c a l  measurement. 
It showed t h a t  s i l v e r  i s  porous ,  w i t h  p o r e s 1 5  t o  65 A i n  r a d i u s .  Water from 
c a p i l l a r y  condensa t ion  c o l l e c t s  r a p i d l y  i n  t h e  p o r e s  when humidi ty  exceeds  a  
c r i t i c a l  v a l u e .  The s m a i l  d iamete r  of t h e  pores  compared t o  t h e  t h i c k n e s s  of  
t h e  s i l v e x  f i l m s  (3Q,OOOA) s u g g e s t s  an  i n t e r c o n n e c t e d  o r  "spongel ike"  s t r u c t u r e  
i n  t h e  s i l v e r .  The c r i t i c a l  humidi ty  a t  which condensa t ion  o c c u r r e d ,  and t h u s  
t h e  p o r e  s i z e  d i s t r i b u t i o n  i n  t h e  s i l v e r  l a y e r ,  v a r i e d  from manufac tu re r  t o  
manufac tu re r  and between samples from one m a n u f a c t u r e r .  1Je a l s o  found t h a t  
under c e r t a i n  c o n d i t i o n s  s i l i c o n  can c o n t r i b u t e  t o  c o n t a c t  d e g r a d a t i o n  p robab ly  
by t h e  r e a c t i o n :  S i  + 2H20 + 2N2 f S i02 .  A one-micron gold  f i l m  was non- 
porous  t o  humid a i r  and t h u s  might be  a  good s u b s t i t u t e  f o r  s i l v e r  t o  p r o t e c t  
t h e  chemica l ly  a c t i v e  t i t a n i u m .  
I n  e l e c t r o c h e m i c a l  t e s t s ,  p o l a r i z a t i o n  measurements and c o n s t a n t  p o t e n t i a l  
t e s t s  v e r i f i e d  t h e  environment i n  which s o l a r  c e l l s  degrade i n  a  p r e d i c t a b l e  
manner i n  t h e  l a b o r a t o r y ,  P o l a r i z a t i o n  measurements showed t h a t  d e g r a d a t i o n  
cou ld  b e  reproduced and a c c e l e r a t e d  under c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s .  
The measurements i n d i c a t e d  t h a t  t h e  s i l v e r  l a y e r  on s o l a r  c e l l s  i s  porous 
and t h a t  t i t a n i u m  i n t e r a c t s  w i t h  t h e  chemica l  s o l u t i o n s ,  
Rest  p o t e n t i a l  n~easurements  were noc useful f o r  p r e d i r t r n g  s o l a r  c e l l  degra-  
d a t i o n  b e h a v i o r  as f i r s t  t h o u g h t ,  and d i d  n o t  y i e l d  much ~ n f o r m a t ~ o n  abou t  
t h e  d e g r a d a ~ i o n  p r o c e s s ,  H o ~ ~ e \ f e t ,  r e s t  perrc.iltlab. o f  s o l a r  r e l i s ,  r~hei.. 
compared w i t h  those  of  s i lvea -  and s i l i c o n  I'n rr16e sarnp s o l u t l o n ,  a g a i n  s u g g e s t e d  
t h a t  t i r an iu rn  i n t e r a c t s  w i t h  the s o l u t l o n .  
Exposure of s o l a r  c e l l s  t o  chemical  environments rang ing  from s t r o n g  a c i d s  t o  
s t r o n g  b a s e s  produced e v e n t u a l  d e g r a d a t i o n  exceg t  i n  one i n s t a n c e ,  Calcula-  
t i o n s  showed t h h t  s u r f a c e  o x i d a t i o n  of even 50 A of  t i t a n i u m  g e n e r a t e s  enough 
hydrogen and p r e s s u r e  t o  c r e a t e  b l i s t e r s  i n  s o l a r  c e l l s ,  The hydrogen is 
g e n e r a t e d  f a s t  enough t o  form b l i s t e r s  b e f o r e  i t  can d i f f u s e  avay from t h e  
b l i s t e r  s i t e ,  An i n t e r n a l  p r e s s u r e  h i g h  enough t o  blow t h e  w a t e r  o u t  of t h e  
p o r e s  i s  u n l i k e l y ,  
A s  c o n t a c t  d e g r a d a t i o n  p r o g r e s s e d  we observed t h a t :  (1) new b l i s t e r s  appeared 
w i t h  t h e  passage  of t ime ,  (2) o l d  b l i s t e r s  grew t o  random s i z e s  and then  
s topped  growing, w i t h  no r e l a t i o n  t o  f i n a l  b l i s t e r  s i z e  o r  t o  t ime,  and ( 3 )  
s i lve r  pee led  away i n  a r e a s  where no b l i s t e r s  appeared ,  
The p resence  of f ' l i ~ o r i d e  and c h l o r i d e  i o n s ,  even i n  s m a l l  c o n c e n t r a t i o n s ,  
a c c e l e r a t e d  d e g r a d a t i o n .  However, c o n t a c t s  f r e e  of ha logen  contaminants  a l s o  
degraded i n  humid a tmospheres .  
We observed t h a t  b l i s t e r s  a r e  n o t  n e c e s s a r i l y  accompanied by changes i n  t h e  
s o l a r  c e l l  c u r r e n t - v o l t a g e  ( I - V )  c u r v e ,  hence an  I - V  cu rve  i s  n o t  a  good 
i n d i c a t o r  of d e g r a d a t i o n .  B l i s t e r s  t end  t o  f i r s t  form a t  c e l l  e d g e s ,  and 
w i t h  f u r t h e r  d e g r a d a t i o n  appear  i n  t h e  c o n t a c t  i n t e r i o r .  Th i s  was a t t r i b u t e d  
t o  exposed t i t a n i u m  at  c e l l  edges .  B l i s t e r s  a r e  l e s s  l i k e l y  t o  form on t h e  
sun- fac ing  s i d e  of t h e  c e l l ,  and t h i s  s i d e  u s u a l l y  e x h i b i t s  s i l v e r  s e p a r a t i o n  
f i r s t .  The narrow g r i d s  a l l o w  hydrogen t o  escape  e a s i e r ,  and expose more 
t i t a n i u m  t o  t h e  atmosphere because  of edge e f f e c t s .  
S t u d i e s  of t i t a n i u m  c o r r o s i o n  i n  f l u o r i d e  s o l u t i o n s  showed t h a t  normal ly  
p a s s i v e  t i t a n i u m  w i l l  a c t i v e l y  cor rode  i n  one-normal s o l u t i o n s  of pH of 5 o r  
l e s s .  The d a t a  i n d i c a t e  t h a t  a c t i v e  c o r r o s i o n  o c c u r s  i n  even more n e u t r a l  
f l u o r i d e  s o l u t i o n s  a t  e l e v a t e d  t empera tu res .  P o l a r i z a t i o n  d a t a  a t  room 
tempera tu re  showed no a c t i v e  c o r r o s i o n  a t  pH > 6 w h i l e  o t h e r  d a t a  i n d i c a t e d  
t h a t  f l u o r i d e  s o l u t i o n s  w i t h  pH > 6 enhanced d e g r a d a t i o n  of s o l a r  c e l l s .  
C a l c u l a t i o n s  showed t h a t  t h e  expec ted  c o r r o s i o n  c u r r e n t s  a r e  t o o  low t o  be  
measured by our  p o l a r i z a t i o n  equipment,  p o s s i b l y  e x p l a i n i n g  t h i s  d i s a g r e e -  
ment. A second p o s s i b i l i t y  is t h a t  t h e  t h i n  f i l m  of t i t a n i u m  i n  s o l a r  c e l l s  
b e h ~ v e s  d i f f e r e n t l y  than  t h e  t h i c k  f i l m s  used i n  t h e  p o l a r i z a t i o n  s t u d i e s .  
Ti tanium d i s s o a v e s  i n  t h e  f l u o r i d e  s o l u t i o n s  by t h e  p  b a b l e  r e a c t i o n :  
T i  + 6F- + TIFZ + 4e-. There  was a l s o  evidence of TiFg i n  t h e  s o l u t i o n s .  
S i m i l a r  p o l a r i z a t i o n  s t u d i e s  w i t h  c h l o r i d e  i o n  s o l u t i o n s  a t  room tempera tu re  
produced no v i s i b l e  c o r r o s i o n .  Again,  e i t h e r  t h e  c o r r o s i o n  c u r r e n t s  a r e  below 
t h e  s e n s i t i v i t y  of our  i n s t r u m e n t ,  o r  t h e  t h i n  f i l m  of t i t a n i u m  i n  a s o l a r  
c e l l  i s  h i g h l y  r e a c t i v e  towards t h e s e  s o l u t i o n s .  Coupling of t i t a n i u m  w i t h  
p la t inum,  a  nob le  m e t a l ,  reduced t h e  c o r r o s i o n  r a t e  of t h e  t i t a n i u m  i n  t h e  
p resence  of f l u o r i d e  i o n  b u t  d i d  n o t  h a l t  i t .  
P r e s e n t  day (1970) s o l a r  c e l l s  c o n s i s t e n t l y  degraded when exposed t o  high 
humidi ty .  Degradat ion behav ior  v a r i e d ;  some c e l l s  had no b l i s t e r s ,  y e t  s i l v e r  
s e p a r a t e d ;  some c o n t a c t s  b l i s t e r e d ,  o t h e r s  d i d  n o t ;  i n  some s i l v e r  s e p a r a t e d  
on ly  a long  edges ,  i n  o t h e r s  all o v e r ,  Some c e l l s  showed s i g n s  of r e s i s t a n c e  
t o  e l e c t r i c a l  d e g r a d a t i o n  a s  seen on I - V  c u r v e s ,  y e t  had s i l v e r  s e p a r a t i o n ,  
i n d i c a t i n g  t h a t  t h e  u s e f u l  l i f e  of t h e  c e l l  was reduced.  Most c e l l s  degraded 
on t h e  c r i t i c a l  sun-facing s i d e  of t h e  c e l l .  
The major  c o n c l u s i o n s  abou t  humidi ty  d e g r a d a t i o n  of s o l a r  c e l l s  w i t h  s i l v e r -  
t i t a n i u m  c o n t a c t s  a r e :  
I n  a humid atmosphere m o i s t u r e  w i l l  r a p i d l y  condense by c a p i l l a r y  
condensa t ion  i n  t h e  s i l v e r  l a y e r  of t h e  s o l a r - c e l l  c o n t a c t  whenever a  
c r i t i c a l  humid i ty  is exceeded. The degree  and n a t u r e  of t h e  s i l v e r  
p o r o s i t y  depends on many f a c t o r s  i n  c o n t a c t  manufactur ing such  a s  
s u b s t r a t e  t empera tu re ,  d e p o s i t i o n  r a t e s ,  and vacuum. 
@ Titanium and t i t a n i u m  h y d r i d e  v e r y  l i k e l y  r e a c t  e l e c t r o c h e m i c a l l y  w i t h  
t h e  condensed w a t e r  producing t i t a n i u m  ox ide  and hydrogen a s  observed 
by o t h e r s  (Ref. 1, 1 6 ) .  The o x i d e s  formed a r e  p robab ly  non-pro tec t ive  
and a l l o w  f u r t h e r  d e g r a d a t i o n  t o  o c c u r .  
E leva ted  t empera tu res  a c c e l e r a t e  t h e  d e g r a d a t i o n  p r o c e s s .  
S o l a r  c e l l s  and t h e  condensing m o i s t u r e  c o n t a i n  v a r y i n g  amounts of h a l i d e  
i o n s  (F- and Cl-) which a c c e l e r a t e  s o l a r - c e l l  c o n t a c t  d e g r a d a t i o n .  
@ C02-containing atmospheres a r e  a c i d i c ,  enhancing t h e  c o r r o s i o n  of 
t i t a n i u m ,  
e Contac t  of s o l a r  c e l l s  w i t h  an aqueous s o l u t i o n  h a s  t h e  p o t e n t i a l  of 
promoting c o n t a c t  d e g r a d a t i o n .  
e Exposure of a l l  present-day (1970) s o l a r  c e l l s  w i t h  s i l v e r - t i t a n i u m  
c o n t a c t s  t o  % 100% r e l a t i v e  humidi ty  caused c o n t a c t  d e g r a d a t i o n .  
e I - V  c u r v e s  by themselves  a r e  n o t  good i n d i c a t o r s  of s o l a r  c e l l  d e g r a d a t i o n .  
Based on t h e  r e s u l t s  o b t a i n e d  i n  t h i s  r e s e a r c h  w e  make t h e  fo l lowing  recommen- 
d a t i o n s  : 
Immediate 
@ Cont inue s o l d e r  d i p p i n g  t h e  s o l a r  c e l l s ,  The l a y e r  of s o l d e r ,  abou t  
25 microns  t h i c k ,  o r  e i g h t  t imes  t h e  t h i c k n e s s  of t h e  t y p i c a l  t h r e e  
micron s i l v e r  c o n t a c t ,  i s  an adequa te  b a r r i e r  a g a i n s t  m o i s t u r e  pene- 
t r a t i o n .  
@ Cont inue s t o r i n g  of s o l d e r l e s s  c e l l s  i n  a  d ry  atmosphere.  Note,  
however, t h a t  t h e  condensa t ion  p r o c e s s  i s  r e l a t i v e l y  f a s t  ( < 2 4  h o u r s )  
once t h e  c r i t i c a l  humidi ty  i s  exceeded. Also,  t h e r e  i s  always t h e  
p o s s i b i l i t y  of m o i s t u r e  e n t e r i n g  t h e  c o n t a c t  d u r i n g  h a n d l i n g ,  c l e a n i n g  
of t h e  c e l l  s u r f a c e ,  a t t achment  of cover  g l a s s e s ,  and o t h e r  p r o c e s s e s  
t a k i n g  p l a c e  d u r i n g  assembly of a r r a y s  from t h e  i n d i v i d u a l  c e l l s ,  
Near F u t u r e  
e S o l a r  c e l l  manufactur ing p r o c e s s e s  shou ld  be  reviewed w i t h  t h e  o b j e c t i v e  
of reduc ing  con tamina t ion  by halogens  which a c c e l e r a t e  t h e  d e g r a d a t i o n ,  
Humidity shou ld  be c o n t r o l l e d  i n  manufactur ing and s t o r a g e  a r e a s ,  The 
p u r i t y  of w a t e r  and o t h e r  chemicals  used i n  c e l l  manufactur ing shou ld  
b e  c o n t r o l l e d .  
e I n  a p p l i c a t i o n s  where t h e  5 t o  20% e x t r a  weight  of so lder -d ipped  c e l l s  
cannot  be t o l e r a t e d ,  t h e  s i l v e r - p a l l a d i u m - t i t a n i u m  c o n t a c t  d e v i s e d  by 
AEG-Telefunken (Ref,  11)  can be  used.  I n i t i a l  t e s t s  of t h e s e  c e l l s  have 
been encouraging w i t h  r e s p e c t  t o  s t a b i l i t y  i n  humid a tmospheres .  I t  has  
been shown however, thar a l l o y i n g  w i t h  n o b l e  m e t a l s  r educes  t h e  c o r r o s i o n  
r a t e  of t i t a n i u m  h u t  does  n o t  h a l t  i t .  A " d i r t y "  t i tanium-pal ladium- 
a l l o y e d  s o l a r - c e l l  c o n t a c t  which was contaminated w i t h  f l u o r i d e  could  
conce ivab ly  c o r r o d e  i n  an a c i d i c  atmosphere.  There  remains  unanswered 
t h e  q u e s t i o n  of whether  t h e r e  i s  s u f f i c i e n t  r e d u c t i o n  i n  c o r r o s i o n  r a t e  
of t h e  s i lver-pal ladium-t i tanim c o n t a c t  t o  p r o v i d e  c o n t a c t  i n t e g r i t y  
f o r  t h e  d e s i r e d  l i f e t i m e  of t h e  c e l l .  The use  of pa l l ad ium a s  a  s e p a r a t e  
d i f f u s i o n  b a r r i e r  l a y e r  t o  p r e v e n t  w a t e r  from r e a c h i n g  t h e  t i t a n i u m  f i l m  
would be  more e f f e c t i v e  t h a n  t h e  t i t an ium-pa l lad ium a l l o y .  Opt imiza t ion  
and t e s t i n g  of such  a c o n t a c t  would be needed,  
Replace  t h e  porous  s i l v e r  w i t h  a non-porous l a y e r ,  such  a s  go ld .  Gold 
is  commonly used t o  a c h i e v e  ohmic c o n t a c t s  t o  semiconduc tors ,  I t  a l s o  
h a s  t h e  advantage t h a t  i t  does n o t  o x i d i z e  a s  r e a d i l y  a s  s i l v e r .  
@ The humidi ty  problem w i t h  s i l v e r - t i t a n i u m  c o n t a c t s  comes from t h e  p resence  
of t h e  v e r y  r e a c t i v e  t i t a n i u m  l a y e r .  Replacing t h i s  l a y e r  w i t h  a  non- 
r e a c t i v e  s u b s t a n c e  would e l i m i n a t e  t h e  problem. I n  t h e  semiconductor 
i n d u s t r y  s i l v e r - t i t a n i u m  c o n t a c t s  have n o t  been used f o r  many y e a r s .  
P r e s e n t  day technology relies on newer c o n t a c t s  such a s  gold-pla t inum 
o r  aluminum. Gold-platinum forms a  s t r o n g ,  ohmic c o n t a c t  of t h e  type  
needed i n  s o l a r  c e l l s  (Ref ,  32 ,  3 3 ) .  The p la t inum i s  s p u t t e r e d  on to  
t h e  s i l i c o n  and t ransformed t o  p la t inum s i l i c i d e  by h e a t i n g .  Because 
p la t inum i s  q u i t e  e x p e n s i v e ,  t h e  s p u t t e r i n g  t echn ique  uses  d i r e c t i o n a l  
bombardment t o  reduce w a s t e ,  We recommend t h a t  e v e n t u a l l y  t h e  s o l a r  
c e l l  c o n t a c t  be of a  type such a s  gold-pla t inum.  
S i l v e r - t i t a n i u n ~  ohmic c o n t a c t s  have been a p p l i e d  t o  r e c e n t  American s o l a r  c e l l s  
by a  p r o c e s s  d e s c r i b e d  i n  a p a t e n t  awarded t o  L e p s e l t e r  i n  1963 (Ref.  I ) .  S i l v e r  
a l o n e  w i l l  n o t  make a good mechanical  c o n t a c t  w i t h  s i l i c o n  i n t o  which dopants  
have been d i f f u s e d  t o  form a j u n c t i o n ,  Use of an  a c t i v e  meta l  such as t i t a n i u m  
between t h e  s i l v e r  and s i l i c o n  r e s u l t s  i n  a good mechanical and ohmic c o n t a c t .  
A t y p i c a l  c o n t a c t  c o n s i s t s  of about  1000 angstroms (A)  of t i t a n i u m  and t h r e e  
microns of s i l v e r  evapora ted  on to  t h e  s i l i c o n ,  and subsequen t ly  s i n t e r e d  f o r  
s e v e r a l  minu tes  a t  60Q°C. Oxidat ion of some of t h e  t i t a n i u m  dur ing  s i n t e r i n g  
reduces  t h e  n a t u r a l l y  o c c u r r i n g  s i l i c o n  o x i d e ,  e n a b l i n g  t h e  t i t a n i u m  t o  bond 
s o l i d l y  t o  t h e  s i l i c o n .  The r e s u l t i n g  s t r u c t u r e  (F igure  1 )  p rov ides  a  low 
e l e c t r i c a l  r e s i s t a n c e  connect ion and an a d h e r e n t  mechanical  bond, 
The f i r s t  s i l v e r - t i t a n i u m  c o n t a c t s  were c o a t e d  w i t h  s o l d e r  t o  s i m p l i f y  i n t e r -  
connec t ing  i n d i v i d u a l  c e l l s  i n t o  an a r r a y .  The s o l d e r  c o a t i n g  i n c r e a s e d  t h e  
weight  s f  the s o l a r  c e l l s ,  s o  c e l l s  w i t h  s o l d e r l e s s  s i l v e r - t i t a n i u m  c o n t a c t s  
soon became p o p u l a r .  
I n  1967 a t  t h e  6 t h  ZEEE P h o t o v o l t a i c  S p e c i a l i s t s  Conference s e v e r a l  papers  
d e s c r i b e d  d e g r a d a t i o n  of s o l a r  c e l l s  w i t h  t h e s e  s o l d e r l e s s  s i l v e r - t i t a n i u m  
c o n t a c t s  f o l l o w i n g  s t o r a g e  i n  humid atmospheres a t  room tempera tu re .  E leva ted  
t empera tu res  were s a i d  t o  a c c e l e r a t e  t h e  d e g r a d a t i o n .  This  d e g r a d a t i o n  appears  
i n  t h e  form of hydrogen c o n t a i n i n g  (Ref.  2 )  b l i s t e r s  on t h e  c o n t a c t  a r e a  a s  
shown i n  F i g u r e  2.  F u r t h e r  d e g r a d a t i o n  reduces  o u t p u t  power a s  s e e n  i n  t h e  
c u r r e n t - v o l t a g e  (I-V) curve  of an i l l u m i n a t e d  c e l l  (F igure  3 ) "  P e e l i n g  of t h e  back 
c o n t a c t  and g r i d  l i n e s  can occur  i n  t h e  f i n a l  s t a g e s  of degrada t ion  (F igure  4 ) .  
Humidity t e s t i n g  produced confus ing  r e s u l t s .  C e l l  behav ior  v a r i e d  from vendor 
t o  vendor and even from b a t c h  t o  b a t c h  from a  s i n g l e  vendor (Ref ,  3 ,  4 ) .  The 
Boeing Company was t h e r e f o r e  c o n t r a c t e d  by NASA Headquar ters  (Cont rac t  NASW-1859) 
t o  de te rmine  t h e  fundamental  mechanism t h a t  degrades  s o l a r  c e l l s  w i t h  s i l v e r -  
t i t a n i u m  c o n t a c t s .  The r e s u l t s  of t h a t  s t u d y  a r e  p r e s e n t e d  i n  t h i s  r e p o r t  
(Ref. 5 ,  6 ) .  
It is  a p p r o p r i a t e  t o  n o t e  o t h e r  work on t h e  s u b j e c t  of c o n t a c t  d e g r a d a t i o n .  
3 M  (Ref.  7 ,  8 ,  9), Texas Ins t ruments  (Ref ,  2 ,  1 0 ) )  and AEG-Telefunken (Ref.  1 1 )  
conducted s i m i l a r  r e s e a r c h .  T h e i r  r e s u l t s ,  a l o n g  w i t h  unpubl i shed  d a t a  from 
o t h e r  g roups ,  a r e  d i s c u s s e d  i n  t h i s  r e p o r t  whenever p e r t i n e n t  t o  t h e  t h e o r y  of 
s o l a r  c e l l  c o n t a c t  humidi ty  d e g r a d a t i o n .  
Important  c o n t r i b u t i o n s  t o  t h i s  s t u d y  have been made by D r .  T. R, Beck of t h e  
Boeing S c i e n t i f i c  Research L a b o r a t o r i e s  who a c t e d  a s  c o n s u l t a n t ,  and W. F .  S p r i n g g a t e  
who d i r e c t e d  e a r l y  phases  of t h e  work. 

Figure 2: BLISTERED BACK OF SOLAR CELL 
Figu re  4: PEELmC G R D S  ON A SOLAR CELL 
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Figure 3 : PERFORMANCE BEGRBBATION OF A SOLAR CELL 
3.0  TECHNICAL ACHIEVEMENTS 
!h7o t h e o r e t i c a l  models have been p o s t u l a t e d  t o  e x p l a j n  t h e  d e g r a d a t i o n  mechanism 
(Ref. 5 ) .  Model I i n v o l v e s  t h e  d i f f u s i o n  of a tomic  hydrogen through t h e  s i l v e r  
l a y e r  t o  t h e  t i t z n i u m - s i l v e r  i n t e r f a c e  whew combinat ion i n t o  molecu la r  hydrogen 
o c c u r s ,  g i v i n g  r i s e  t o  b l i s t e r s .  The second model p o s t u l a t e s  c a p i l l a r y  condensa- 
t i o n  of w a t e r  i n  t h e  s i l v e r  l a y e r  w i t h  subsequen t  e l e c t r o c h e m i c a l  c o r r o s i o n  of  
t h e  t i t a n i u m  v i a  t h e  r e a c t i o n :  
A c o o r d i n a t e d  program of chemical  and p h y s i c a l  measurements was used t o  
c h a r a c t e r i z e  t h e  d e g r a d a t i o n  mechanism i n  t h e  c e l l s .  I n  t h i s  s e c t i o n  a r e  
d e s c r i b e d  t h e  i n d i v i d u a i  exper iments  performed and t h e  r e s u l t s  o b t a i n e d .  
P r e s e n t  day s o l a r  c e l l s  degrade e r r a t i c a l l y  (Ref ,  3 ,  4 )  and manufactur ing 
p r o c e s s e s  change from t ime  t o  t ime ,  For t h e s e  r e a s o n s  we chose t o  s t u d y  s o l a r  
c e l l s  a l r e a d y  a t  Boeing which showed a  p r e v i o u s  h i s t o r y  of r a t h e r  c s n s i s t e n t  
c o n t a c t  d e g r a d a t i o n .  These s o l a r  c e l l s ,  which were  used i n  most of t h e  t e s t s ,  
were s t a n d a r d  N-on-P c e l l s ,  2 by 2-cm, 8 m i l s  t h i c k ,  and had a  r e s i s t i v i t y  of 1 t o  3 
ohm-cm. They had been manufactured b e f o r e  1967 by H e l i o t e k  and w i l l  be r e f e r r e d  
t o  a s  "LASA" c e l l s .  S o l a r  c e l l s  and s i l i c o n  b l a n k s  manufactured w i t h  t o d a y ' s  
methods were l a t e r  o b t a i n e d  from Cent ra lab  and N e l i o t e k .  We thank M r .  K .  S .  Ling 
of C e n t r a l a b  and M r .  E .  L .  Ralph of H e l i o t e k  f o r  p r o v i d i n g  t h e s e  new c e l l s  and 
b l a n k s .  
Me d i d  most sf o u r  e x p e r i m e n t a l  work on t h e  s o l a r  c e l l  back c o n t a c t  which,  b e c a u s e  
of i t s  s i z e ,  was e a s i e r  t o  s t u d y .  The g r i d s  on t h e  sun- fac ing  s u r f a c e  of t h e  
c e l l  a r e  produced i n  t h e  same way a s  t h e  back c o n t a c t ,  hence o u r  c o n c l u s i o n s  can 
i n  g e n e r a l  b e  ex tended  t o  t h e  g r i d s  a s  w e l l .  
3 . 1  P h y s i c a l  Measurements 
C h a r a c t e r i z a t i o n  of t h e  s o l a r  c e l l  s u r f a c e ,  i t s  c o n s t i t u e n t s ,  and i t s  b e h a v i o r  
d u r i n g  t h e  d e g r a d a t i o n  p r o c e s s  is a  key t o  u n d e r s t a n d i n g  t h e  d e g r a d a t i o n  
mechanism. Degraded and undegraded s o l a r  c e l l s  and s i l i c o n  wafe r s  were examined 
w i t h  o p t i c a l  and e l e c t r o n  microscopy,  X-ray d i f f r a c t i o n ,  mass s p e c t r o s c o p y ,  and 
i n t e r n a l  r e f l e c t i o n  s p e c t r o s c o p y .  
O p t i c a l  micrographs  of t h e  sun- fac ing  and back s u r f a c e s ,  t aken  w i t h  a 5 Mf\l 
meta l lograph  hav ing  a 400-watt Xenon l i g h t  s o u r c e ,  a r e  shown i n  F i g u r e s  5 ,  6 ,  
and 7 f o r  LASA, p r e s e n t  C e n t r a l a b ,  p r e s e n t  H e l i o t e k  s o l a r  c e l l s .  Sun-facing 
a r e a s  of a l l  t h r e e  c e l l  types  appear  s i m i l a r  e x c e p t  f o r  s m a l l  d i f f e r e n c e s  
i n  g r i d  l e n g t h  and b a r  c o n t a c t  w i d t h .  Views of t h e  back c o n t a c t  ( F i g u r e s  
5 and 7 )  show a m o t t l e d  s u r f a c e  w i t h  "g ra in - l i l t e "  c h a r a c t e r i s t i c s  i n  EZel io tekfs  
LASA and p r e s e n t  day 1970 c e l l s .  The n o t c h  i n  F i g u r e  7 was f o r  i d e n t i f i c a t i o n ,  
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Figure  5 : H E L I O T E K  SOLAR CELL ( L A S A )  
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Figure 6:  CENTRALAB SOLAR CELL 
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F i g u ~ e  7 : HELIOTEK SOLAR CELL 
Examination of t h e  m o t t l e d  s u r f a c e  a t  a  h i g h e r  m a g n i f i c a t i o n  shows a  s e r i e s  
of p l a t e a u s  w i t h  no g r a i n  boundary (F igures  8 and 31, In p a r t i c u l a r ,  F i g u r e  9 shows 
a con t inuous  s u r f a c e  p a t t e r n  through a r i d g e  t h a t  h a s  a  g r a i n  boundary appearance 
a t  low m a g n i f i c a t i o n ,  The b l i s t e r s  were observed t o  be  l o c a r e d  a t  t h e s e  p l a t e a u  
boundar ies ,  A m e t a l l o g r a p h i c  c r o s s  s e c t i o n . o f  a  s o l a r  c e l l  shows r a t h e r  s h a r p  
s t e p s  i n  t h e  s i l i c o n  s u b s t r a t e ,  s u p p o r t i n g  t h e  c o n t e n t i o n  t h a t  t h e  apparen t  g r a i n s  
a r e  s u b s t r a t e  p l a t e a u s  (Figure  l o ) ,  
The f ine  g r a i n  s t r u c t u r e  observed o p t i c a l l y  i s  w e l l  d e l i n e a t e d  by e j e c t r o n  
microscopy, u s i n g  a JEM 7  (JEOLCO) microscope a t  8 0 K V .  The r e p l i c a s  were 
p r e p a r e d  by a  two s t a g e  t echn ique  us ing  a c e t a t e  t a p e  f o r  r e p l i c a t i n g ,  and 
germanium and carbon f o r  shadowing. The boundar ies  appear  t o  c o n t a i n  a  
p r e c i p i t a t e ,  and s m a l l  p o r e s  a r e  p r e v a l e n t  w i t h i n  t h e  g r a i n  (F igures  11, 1 2 ,  1 3 ) .  
We b e l i e v e  t h a t  t h e  p a r e s  a r e  thermal  e t c h  p i t s  g e n e r a t e d  d u r i n g  s i n t e r i n g .  
To r e s o l v e  t h e  q u e s t i o n  of whether  t h e  m o t t l e d  s u r f a c e  i s  a  c h a r a c t e r i s t i c  of 
t h e  s i l i c o n ,  samples of s i l i c o n  wafe rs  t aken  from t h e  p r o c e s s i n g  l i n e  p r i o r  t o  
d e p o s i t i o n  of t h e  s i l v e r - t i t a n i u m  c o n t a c t  were o b t a i n e d  from H e l i o t e k .  Micro- 
g raphs  (F igures  1 4  and 15)  show t h a t  t h e  m o t t l e d  s u r f a c e  appears  a l s o  on t h e  
b lank .  Th is  type of m o t t l i n g  i s  g e n e r a t e d  i n  t h e  chemical  e t c h i n g  p r o c e s s  which 
i s  used by H e l i o t e k .  It is  commonly c a l l e d  "orange p e e l "  and i s  c h a r a c t e r i s t i c  
of h y d r o f l u o r i c  (HF) e t c h a n t s .  Its appearance depends on b u f f e r i n g  and tempera- 
t u r e  of t h e  e t c h a n t  s o l u t i o n .  Lapping of t h e  wafe r  w i t h  a  mi ld  a b r a s i v e  a t  an  
a n g l e  of 5" (F igures  1 6  and 17)  shows t h e  uneven s t r u c t u r e  c r e a t e d  by t h e  
e t c h i n g  p r o c e s s .  The m o t t l e d  s u r f a c e  s e e n  on t h e  backs  of completed s o l a r  c e l l s  
i s  obv ious ly  due t o  t h e  s i l v e r  simply t r a n s m i t t i n g  t h e  c o n t o u r s  of t h e  s i l i c o n  
s u b s t r a t e .  
The micrographs  show d i f f e r e n c e s  i n  manufactur ing methods used by t h e  two s o l a r  
c e l l  s u p p l i e r s .  F i g u r e  1 8  shows t h e  back c o n t a c t  of a  C e n t r a l a b  s o l a r  c e l l .  The 
s i l v e r  h a s  a n  e n t i r e l y  d i f f e r e n t  appearance .  Lapping of C e n t r a l a b  s i l i c o n  b l a n k s  
(F igure  19)  shows a  d i f f e r e n t  t y p e  of s t r u c t u r e  which r e s u l t s  from C e n t r a l a h ' s  
d i f f e r e n t  p r o c e s s i n g .  Other  s i l v e r - l a y e r  v a r i a t i o n s  r e s u l t  from d i f f e r e n c e s  i n  
t h e  vacuum used ,  d e p o s i t i o n  r a t e  of s i l v e r ,  s u b s t r a t e  t empera tu re ,  and o t h e r  f a c -  
t o r s .  The micrographs  show no ev idence  of l a r g e  p o r e s  t h a t  can t r a n s m i t  w a t e r .  
Micrographs i n d i c a t e  t $ e  " e t c h  p i t s "  which appear  i n  some micrographs (F igure  13) 
a r e  approximately  300 A i n  d i a m e t e r ,  whereas t h e  t h i c k n e s s  of t h e  s i l v e r  l a y e r  i s  
t y p i c a l l y  30,000 1, making i t  u n l i k e l y  t h a t  t h e  e t c h  p i t s  go a l l  t h e  way through 
t h e  c o n t a c t .  
A 
The impor tan t  c o n c l u s i o n s  from t h e  micrograph work a r e :  
e The m o t t l e d  s u r f a c e  of H e l i o t e k  c e l l s  i s  n o t  from t r u e  g r a i n s  of s i l v e r ,  
b u t  r a t h e r  r e s u l t s  from t h e  s i l v e r  l a y e r  t r a n s m i t t i n g  t h e  con tour  of t h e  
s i L i c o n  s u b s t r a t e .  
No ev idence  f o r  a porous s i l v e r  l a y e r  was s e e n .  Any p o r o s i t y ,  i f  i t  
e x i s t s ,  i s  t h e r e f o r e  of s m a l l e r  s i z e  than could  be  d e t e c t e d  by e l e c t r o n  
micros.copy. 
Figure 8 :  BLETERED AREA(% OOX) 
Figure 9 : CONTACT SURFACE (580X) 
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F i g u r e  10: METALLOGRAPHIC PROFILE OF CELL 
CROSS SECTION ( 1 4 0 0 X )  
F i g u r e  14 : ELECTRON MICROGRAPH (8060~)  
OF CONTACT SURFACE 
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Figure 12: ELECTRON M l l C R W M m  Q886)e)OX) OF CELL CONTAGT 
F igu re  13: ELECTRON MICROGRAPH (31000X) OF CELL CONTACT 
16 
Figure 14: S I L I C O N  WAFER P R I O R  TO D E P O S I T I O N  OF CONTACTS 
(45x 
F i gu re  45: S I L I C O N  WAFER P R I O R  TO D E P O S I T I O N  OF CONTACTS 
(200X ) 
Figure 16: BEVELLED SILICON WAFER (143X) 
Figure 17: B E V E L L E D  S I L I C O N  WAFER (143x1 
18 
7563x 
Figure 18: CENPRALAB SILICON WAFER---BACK SIDE 
Figure  19: BEVELLED CENTRALAB S I L I C O N  WAFER (1 43X) 
Contaminants c o l l e c t e d  by a  s o l a r  c e l l  d u r i n g  manufac tu r ing  can a f f e c t  t h e  
q u a l i t y  and d e g r a d a t i o n  b e h a v i o r  of t h e  f i n i s h e d  c e l l ,  An e x c e l l e n t  way t o  
i d e n t i f y  i m p u r i t i e s  i n  t h e  s o l a r  c e l l  i s  by mass s p e c t r o s c o p i c  a n a l y s i s .  For  
t h i s  work a spark-source  mass s p e c t r o g r a p h ,  CEC Model 21-llOB, was used ,  Samples 
of  complete  s o l a r  c e l l s  and s i l i c o n  wafe r s  were  a n a l y z e d .  T a b l e s  1 and 2 show 
t h e  r e s u l t s  of a n  a n a l y s i s  made on USA and p r e s e n t  day s o l a r  c e l l s ,  
The r e s u l t s  of  t h e  a n a l y s i s  show t h a t  even p r e s e n t  day (1970) c e l l s  have many 
con taminan t s  (Table 2 ) -  Most of t h e  con taminan t s  a r e  r e a d i l y  e x p l a i n a b l e .  
Copper is a n  i m p u r i t y  i n  s i l v e r  and a l s o  comes from e v a p o r a t i o n  of copper  
f i x t u r e s  d u r i n g  c o n t a c t  d e p o s i t i o n .  Pb,  B i ,  W ,  and Z r  a r e  p robab ly  con taminan t s  
of t h e  t i t a n i u m  and s i lve r ,  Carbon may come from s i l i c o n e s  used i n  masking o r  
o r g a n i c  s o l v e n t s  used i n  c l e a n i n g ,  Some o t h e r  s p e c i e s  (CF N H 3 )  CF) a r e  due 
t o  recombinat ion w i t h i n  t h e  s p e c t r o g r a p h .  
P resence  ~ f  f l u o r i d e  and c h l o r i d e  i o n s  i s  an i m p o r t a n t  d i s c o v e r y ,  Halogens a r e  
n o t e d  f o r  t h e i r  a b i l i t y  t o  cause  and /o r  enhance t i t a n i u m  c o r r o s i o n  (Ref.  1 2 ,  1 3 ) .  
Thus t h e i r  p resence  i n  s o l a r  c e l l s  may promote d e g r a d a t i o n .  The f l u o r i d e  i o n s  
come from t h e  e t c h i n g  p r o c e s s e s  i n  which HF produces  a  s u r f a c e  w i t h  incomple te  
and porous  o x i d e  l a y e r s  where f l u o r i d e  and o t h e r  i o n s  can b e  t r a p p e d  (Ref. 1 4 ) .  
It i s  ex t remely  d i f f i c u l t  t o  o b t a i n  a  "c lean"  s u r f a c e  a f t e r  e t c h i n g ,  even w i t h  
c a r e f u l  washing.  The c h l o r i d e  i o n  comes from subsequen t  h a n d l i n g  of t h e  p r o d u c t ,  
o r  a s  i m p u r i t i e s  i n  t i t a n i u m .  
Non-uniformity e x i s t s  from sample t o  sample and manufac tu re r  t o  manufac tu re r ,  
b u t  c a r e  must be t aken  i n  i n t e r p r e t i n g  t h e s e  d a t a  i n  a q u a n t i t a t i v e  manner. 
D i f f e r e n c e s  i n  pho tograph ic  p r o c e s s i n g  and spark-produced c r a t e r  shapes  can 
i n t r o d u c e  s i g n i f i c a n t  e r r o r s ,  b u t  some g e n e r a l  s t a t e m e n t s  can b e  made, The 
H e l i o t e k  c e l l  (Sample 1 A  and 2A a r e  from t h e  same c e l l )  c o n t a i n s  more t i t a n i u m  
t h a n  t h e  C e n t r a l a b  c e l l  (Table  2 ) .  I t  i s  g e n e r a l l y  known t h a t  C e n t r a l a b  c e l l s  
have more t i t a n i u m ,  s o  t h i s  i s  s u r p r i s i n g .  The r e s i s t a n c e  method of moni to r ing  
t i t a n i u m  t h i c k n e s s  used i n  manufac tu r ing  is  n o t  v e r y  a c c u r a t e  and may g i v e  r i s e  
t o  t h e  observed d i f f e r e n c e s  . 
The r e a s o n  f o r  t h e  l a r g e  v a r i a t i o n s  i n  s i l i c o n  c o n t e n t  i s  due t o  v a r i a t i o n s  
i n  s i l v e r  t h i c k n e s s  o r  c r a t e r  shape.  Mass s p e c t r o s c o p i c  a n a l y s i s  i s  based on 
t h e  collection of a  s p e c i f i c  number of i o n s  ( 1 0 ~ ~  Coulombs f o r  example) .  I f  
t h e  s i l v e r  i s  t h i c k e r ,  t h e n  a  l a r g e r  f r a c t i o n  of t h e  t o t a l  c h a r g e  i s  composed 
of s i l v e r  a t  t h e  expense  of s i l i c o n  which i s  t h e  last  l a y e r  t o  b e  ana lyzed .  
C r a t e r  s h a p e  v a r i a t i o n  can a l s o  a l t e r  t h e  f r a c t i o n  of  s u r f a c e  i o n s  t o  b u l k  i o n s  
c o l l e c t e d .  
S i l i c o n  b l a n k s  which were  ready  f o r  c o n t a c t  e v a p o r a t i o n  were o b t a i n e d  and 
a n a l y z e d  (Table  3 ) .  F l u o r i d e  i o n  l e f t  f rom e t c h i n g  p r o c e s s e s  i s  e v i d e n t  even 
a f t e r  e l a b o r a t e  c l e a n i n g  p r o c e s s e s .  
Table 1 : MASS SPECTROSCOPIC ANALYSIS (CONTACT OF LASA C E L L )  
T a b l e  2 :  MASS SPECTROSCOPIC A N A L Y S I S  (CONTACTS OF NEW C E L L S )  
D2-126194-3 
Table  3: WSS SPECTMSIEBPK ANALYSIS ( S f  1 ?cam Waf-) 
Jacobson a t  3M used Auger s p e c t r o s c o p y  (Ref. 7 )  t o  s t u d y  s o l a r  c e l l  
con taminan t s .  H i s  e x p e r i m e n t s ,  performed w i t h  Texas I n s t r u m e n t s  ( T I )  c e l l s ,  
d i d  n o t  show t h e  p r e s e n c e  of f l o u r i d e  i o n s .  However, i t  was s i n c e  Learned 
t h a t  t h e  Auger s p e c t r o s c o p i c  equipment was n o t  capab le  of e x p l o r i n g  t h e  r e g i o n  
where f l o u r i d e  i o n s  a r e  e x p e c t e d  t o  appear  (Ref ,  1 5 ) .  J a c o b s o n ' s  r e s u l t s  
i n d i c a t e d  t h e  p resence  of  some con taminan t s ,  namely boron o r  carbon and oxygen. 
Becker,  a t  t h e  U n i v e r s i t y  of Pennsy lvan ia ,  s t u d i e d  s o l a r  c e l l  contaminants  w i t h  
an emiss ion  s p e c t r o g r a p h  (Ref.  1 6 ) .  He on ly  looked f o r  m e t a l s  and r e p o r t e d  
trace amounts of Cu, P ,  Mn w i t h  t h e  p o s s i b i l i t i e s  of Cd and Ca a l s o  be ing  
p r e s e n t .  N e i t h e r  Auger s p e c t r o s c o p y  n o r  t h e  emiss ion  s p e c t r o g r a p h  i s  a s  
s e n s i t i v e  as mass s p e c t r o s c o p y ,  and con taminan t s  i n  low c o n c e n t r a t i o n s  cou ld  
have been missed.  
3 . l . 3  X-ray D i f f r a c t i o n  
X-ray d i f f r a c t i o n  i s  an e x c e l l e n t  way t o  de te rmine  t h e  c r y s t a l  s t r u c t u r e  of 
s u b s t a n c e s .  We used X-ray d i f f r a c t i o n  i n  a t t e m p t i n g  t o  answer t h e  f o l l o w i n g  
q u e s t i o n s  abou t  s o l a r  c e l l  c o n t a c t  d e g r a d a t i o n :  
@ Does the bond b reak  a t  t h e  s i l v e r - t i t a n i u m  o r  t i t a n i u m - s i l i c o n  i n t e r f a c e ?  
e \ h a t  i s  t h e  form of t h e  t i t a n i u m  on degraded s o l a r  c e l l s ?  
M a t e r i a l  s c r a p e d  from t h e  reg ion  of b l i s t e r s  on s e v e r a l  degraded c e l l s  w a s  
ana lyzed  w i t h  a P h i l l i p s  E l e c t r o n i c s  1 % 4 , 6  MP.I Debye X-ray d- i f  f r a c t i o z  powder 
camera, The r e s u l t s  were i n c o n c l u s i v e ,  i n d i c a t i n g  t he  p resence  of some 
compound(s) which resembles  t i t a n i u m  b u t  whose X-ray spectrum l a c k e d  c e r t a i n  
c h a r a c t e r i s t i c  l i n e s  f o r  t i t a n i u m  o r  t i t a n i m  o x i d e ,  The X-ray spectrum 
appeared t o  b e  caused by some amorphous s u b s t a n c e  w i t h  a  tendency towards a 
c u b i c  t y p e  s t r u c t u r e .  Ti tanium does n o t  produce good X-ray d i f f r a c t i o n  
p a t t e r n s ,  having a tendency t o  appear  amorphous. It i s  a l s o  p o s s i b l e  t h a t  t h e  
g r a i n  s i z e  was s o  s m a l l  t h a t  it caused t h e  subs tance  t o  appear  amorphous. 
3M had similar problems w i t h  X-ray d i f f r a c t i o n  s t u d i e s .  They l i k e w i s e  cou ld  
s e e  no ev idence  of t i t a n i u m  o r  t i t a n i u m  compounds i n  c r y s t a l l i n e  form when 
u s i n g  e i t h e r  t h e  f o m a r d / b a c k ~ + a r d  s c a t t e r i n g  t echn ique  o r  t h e  powder camera 
method. They concluded t h a t  t i t a n i u m  was n o t  n e c e s s a r i l y  a b s e n t ,  on ly  t h a t  
i t  d i d  n o t  e x i s t  i n  a wel l -de f ined  s t a t e  (Ref.  7 ) .  
We were a b l e  t o  l o c a t e  t h e  p l a c e  where t h e  c o n t a c t  s e p a r a t e d  w i t h  an  e l e c t r o n  
microprobe.  We p e e l e d  o f f  t h e  s i l v e r  l a y e r  of a  bad ly  degraded s o l a r  c e l l  
and bombarded i t s  back s i d e  w i t h  30 KV e l e c t r o n s  from an Appl ied Research 
Labora to ry  microprobe.  The s t r i p p e d  s o l a r  c e l l  i t s e l f  was a l s o  ana lyzed .  
The c h a r a c t e r i s t i c  X-ray from t i t a n i u m  w a s  d e t e c t e d  w i t h  a  X-ray d e t e c t o r ,  t h e  
o u t p u t  of which was d i s p l a y e d  on an  o s c i l l o s c o p e .  Photographs of t h e  scanned 
samples are shown i n  F i g u r e s  20 and 21.  White a r e a s  i n d i c a t e d  t h e  p resence  of 
t i t a n i u m  on t h e  s o l a r  c e l l .  The s i l v e r  c o n t a c t ,  on t h e  o t h e r  hand, had o n l y  
a  s m a l l  p a t c h  of t i t a n i u m  p r e s e n t .  S i m i l a r  s t u d i e s  a t  3 M  a l s o  i n d i c a t e d  
t h a t  p e e l e d  c o n t a c t s  con ta ined  on ly  t r a c e s  of t i t a n i u m  compared t o  t h e  amount 
l e f t  on t h e  c e l l .  We thus  conclude t h a t  t h e  c o n t a c t  f a i l u r e  o c c u r s  a t  t h e  
s i l v e r - t i t a n i u m  i n t e r f a c e .  
It is  a p p r o p r i a t e  t o  mention t h e  e l e c t r o n  d i f f r a c t i o n  work of Becker (Ref,  1 6 ) ,  
showing t h a t  undegraded c e l l s  c o n t a i n  v a r y i n g  amounts of T i  and TiH2 whereas 
degraded c e l l s  had mainly Ti02 i n  t h e  a n a t a s e  form. Th is  ox ide  normal ly  forms 
on ly  under  c o n d i t i o n s  where m o i s t u r e  i s  p r e s e n t .  Under d ry  c o n d i t i o n s  Ti02 w i l l  
form i n  t h e  r u t i l e  s t r u c t u r e .  Th i s  e x c e l l e n t  ev idence  s u p p o r t s  t h e  d e g r a d a t i o n  
mechanism i n v o l v i n g  t h e  r e a c t i o n  of t i t a n i u m  and wate r .  
It is  e v i d e n t  from our  d i f f r a c t i o n  work t h a t :  
@ The c o n t a c t  s e p a r a t e s  a t  t h e  s i l v e r - t i t a n i u m  i n t e r f a c e  r a t h e r  than  a t  
t h e  t i t a n i u m - s i l i c o n  i n t e r f a c e .  
@ X-ray d i f f r a c t i o n  methods a r e  n o t  s e n s i t i v e  enough t o  i d e n t i f y  t h e  n a t u r e  
of t i t a n i u m  f i l m s  i n  s o l a r  c e l l s ,  
An impor tan t  c r i t e r i o n  f o r  t h e  proposed t i t a n i u m  c o r r o s i o n  mechanism i s  t h e  
a b i l i t y  of w a t e r  t o  condense i n  the  p o r e s  of t h e  s i l v e r  c o n t a c t .  I n t e r n a l  
r e f l e c t i o n  spec t roscopy  o f f e r s  a  unique method of s t u d y i n g  t h e  p o r o s i t y  of 
s i l v e r  t o  m o i s t u r e .  
I n t e r n a l  r e f l e c t i o n  spec t roscopy  i n v o l v e s  t h e  r e f l e c t ~ o n  of ~ n f r a r e d  r a d i a t i o n  
through s i n g l e  c r y s c a l  s i l i c o n  (Ref,  17). I f  t h e  e n t e r r n g  a n g l e  of i n c i d e n c e  
is  g r e a t e r  than  t h e  c r i t i c a l  angle, t h e  r a d i a t i o n  i s  i n t e r n a l l y  r e f l e c t e d  a t  
t h e  s u r f a c e  s f  t h e  c r y s t a l  (Figure 2 2 ) .  M a t e r i a l  on t h e  s i l i c o n  s u r f a c e  w i l l  
F i g u r e  20: M I C R O P R O B E  PHOTOGRAPH OF C E L L  
S U R F A C E  WITHOUT S I L V E R  CONTACT 
(200X) 
Figure 21 : MICROPROBE PI-20TBGRAPH OF 
PEELED S I L V E R  CONTACT-BACKSIDE 
CZOOX)  
F igu re  22: MULTIPLE INTERNAL R E F L E C T I O N  EFFECT 
s e l e c t i v e l y  absorb  r a d i a t i o n .  S p e c t r a l  t r a n s m i s s i o n  measurements w i l l  t h e n  
g i v e  v a l u a b l e  i n f o r m a t i o n  about  chemical  o r  p h y s i c a l  changes o c c u r r i n g  a t  t h e  
i n t e r f a c e  between s i l i c o n  and a  c o a t i n g .  The p resence  of w a t e r  a t  t h e  i n t e r f a c e  
of t h e  s i l i c o n  and an evapora ted  sample w i l l  be i n d i c a t e d  by a  decrease  i n  
t r a n s m i s s i o n  ( o r  i n c r e a s e  i n  absorbance)  i n  t h e  r e g i o n  of 3400 cc - l ,  t h e  
s t r e t c h i n g  f requency  of t h e  0 - H  bond i n  w a t e r  (F igure  2 3 ) .  
Samples having t h r e e  microns of s i l v e r  evapora ted  on s i l i c o n  wedges were 
p repared  by t h e  Boeing M i c r o e l e c t r o n i c s  l a b o r a t o r y ,  C e n t r a l a b ,  and H e l i o t e k .  
Cen t ra lab  and H e l i o t e k  p repared  samples u s i n g  t h e  same methods employed i n  
f a b r i c a t i n g  s o l a r  c e l l s .  R e l a t i v e  h u m i d i t i e s  (RH) of 322, 52%, 75Xgand 96% 
were i n i t i a l l y  chosen t o  t e s t  t h e  h y p o t h e s i s  t h a t  t h e r e  e x i s t s  a  c r i t i c a l  
humidi ty  a t  which condensa t ion  occurs .  Humid atmospheres were g e n e r a t e d  i n  a  
c l o s e d  c o n t a i n e r  u s i n g  s a t u r a t e d  sa l t  s o l u t i o n s  a t  room tempera tu re  a s  shown 
i n  F i g u r e  24  (Ref.  1 8 ) .  I n f r a r e d  t r a n s m i s s i o n  o r  a b s o r p t i o n  s p e c t r a  were 
measured p e r i o d i c a l l y .  
The i n i t i a l  t e s t s  were  made w i t h  t h e  Boeing-prepared wedge. A spectrum taken  
a f t e r  4 8  h o u r s  i n  a 96% RH showed t h e  p r e s e n c e  of w a t e r  (F igure  2 3 ) ,  p rov ing  
t h a t  t h e  s i l v e r  l a y e r  is  porous t o  w a t e r .  Others  (Ref.  9 ,  11)  had assumed 
t h a t  t h e  s i l v e r  l a y e r  on s o l a r  c e l l s  was porous  b u t  t h i s  i s  t h e  f i r s t  a c t u a l  
measurement of t h e  p o r o s i t y .  
A s i l i c o n  b lank  w i t h o u t  c o n t a c t s  was p l a c e d  i n  96% RH f o r  1 4 4  hours  t o  de te rmine  
i f  adsorbed  w a t e r  on t h e  s i l i c o n  s u r f a c e  w i l l  absorb  i n f r a r e d  r a d i a t i o n ,  
R e s u l t s  (F igure  25)  i n d i c a t e d  no wate r  a d s o r p t i o n ,  hence any wate r  a b s o r p t i o n  
which a p p e a r s  i n  t h e  I R  spectrum must be due t o  condensed w a t e r  a t  t h e  s i l i c o n -  
s i l v e r  i n t e r f  ace, 

Figure 2.4: SPECIMEN 1N HUMIDITY CHAMBER 
2 8 

The s i l i c o n  wedge w i t h  Neliotek-made c o n t a c t s  was p l a c e d  i n  32% RB atmosphere 
f o r  168  h o u r s ,  52% RH f o r  168 h o u r s ,  and 75% RH f o r  1 9 2  h o u r s ,  No w a t e r  
a b s s r p t i a n  appeared i n  t h e  TR s p e c t r u n ~ ,  Th is  sample w a s  then p l a c e d  i n  a 96% 
RH a tmosphere ,  and w a t e r  a b s o r p t i o n  appeared w i t h i n  2 4  h o u r s .  The amount of 
water a t  t h e  i n t e r f a c e  can be e s t i m a t e d  q u a n t i t a t i v e l y  by s u b t r a c t i n g  t h e  
peak absorbance a t  3400 cm-l from an assumed l i n e a r  background. E r r o r s  
a s s o c i a t e d  w i t h  absorbance r e a d i n g s  a r e  i n  t h e  o r d e r  of +0.005 u n i t s .  The 
w a t e r  c o n t e n t  w i t h i n  t h e  sample was seen  t o  i n c r e a s e  v e r y  s lowly w i t h  t i m e  
(F igure  26), i n d i c a t i n g  t h a t  t h e  p resence  of w a t e r  does n o t  r a p i d l y  c a t a l y z e  
f u r t h e r  condensa t ion .  
To s t u d y  t h e  condensa t ion  p r o c e s s  f u r t h e r  t h e  sample was d r i e d  o u t  i n  a  
vacuum d e s i c c a t o r .  It was n o t  p o s s i b l e  t o  g e t  i t  complete ly  d r y ,  an absorbance 
r e a d i n g  of 0 .01  be ing  t h e  b e s t  we could  a c h i e v e .  We t h e n  p l a c e d  t h e  sample i n  
an 81% RH atmosphere,  Twenty-four hours  l a te r ,  t h e  w a t e r  c o n t e n t  had i n c r e a s e d .  
T r a n s f e r  of t h e  sample t o  h i g h e r  h u m i d i t i e s  b rought  f u r t h e r  i n c r e a s e s  i n  t h e  
water c o n t e n t  (Table 4 ) .  
T a b l e  4 :  I N T E R F A C E  WATER I N  H E L I O T E K  S I L V E R - O N - S I L I C O N  SAMPLE 
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The s i z e  of t h e  c a p i l l a r i e s  needed t o  condense w a t e r  a t  v a r i o u s  h u m i d i t i e s  can 
be c a l c u l a t e d  u s i n g  she  Kelv in  e q u a t i o n  (Ref,  19) : 
where 1 R = gas  c o n s t a n t  = 8.314 x 1 6  e r g s / d e g  mole 
T = a b s o l u t e  t empera tu re ,  O K  (29e°K f o r  room tempera tu re )  
P = vapor p r e s s u r e  of w a t e r  i n  p o r e ,  mm Hg 
Po = vapor  p r e s s u r e  of w a t e r  on f l a t  s u r f a c e ,  mm Hg 
(P/P = r e l a t i v e  humidi ty  a t  which condensat ion w i l l  occur  i n  a  pore  0 
of r a d i u s  r )  
a = s u r f a c e  t e n s i o n  of l i q u i d ,  dyne/cm (72 f o r  w a t e r )  
r = p o r e  r a d i u s ,  cm 
3 V = molar volume, cm /mole (18 f o r  w a t e r )  
The c a p i l l a r y  s i z e s  needed t o  condense w a t e r  a t  v a r i o u s  r e l a t i v e  h u m i d i t i e s  
are shown i n  F i g u r e  28* Condensat ion o c c u r r i n g  a t  81% RH i m p l i e s  a  minimum 
p o r e  s i z e  of abou t  50 A f o r  t h e  H e l i o t e k  sample.  A s  t h e  humidi ty  i s  i n c r e a s e d  
t h e  w a t e r  c o n t e n t  a t  t h e  i n t e r f a c e  Lncreases  more r a p i d l y  t h a n  an i n c r e a s e  
expec ted  from a  t ime f a c t o r  ( F i g u r e  27) and i m p l i e s  a  p o r e  s i z e  d i s t r i b u t i o n ,  
t h e  upper  l i m i t  of which cannot  be p r e d i c t e d  by t h i s  method. Because t h e  
s i l v e r  i s  t y p i c a l l y  30,000 t h i c k  i t  i s  very  u n l i k e l y  t h a t  t h e  p o r o s i t y  
i n  s i l v e r  i s  caused by i n d i v i d u a l  c a p i l l a r i e s  which ex tend  a 1 1  t h e  way through 
t h e  sample. A more r e a s o n a b l e  model i: a  "sponge" type  s t r u c t u r e  which 
p r e s e n t s  an average  pore  r a d i u s  of 50 A t o  t h e  humid a i r .  
I n t e r n a l  r e f l e c t i o n  spec t roscopy  w i t h  a  Centralab-made sample brought  q u i t e  
d i f f e r e n t  r e s u l t s .  I n i t i a l  i n f r a r e d  s p e c t r a  b e f o r e  exposure  t o  humid a i r  
i n d i c a t e d  t h e  p resence  of w a t e r ,  s u g g e s t i n g  condensat ion a t  l a b o r a t o r y  humidi ty  
(about  50% RH) ,  'The  cor responding  p o r e  r a d i u s  would be  <15g f o r  such samples .  
The sample was d r i e d  i n  a  vacuum d e s i c c a t o r  reduc ing  t h e  w a t e r  c o n t e n t  t o  
0.02 absorbance .  I n t r o d u c t i o n  of t h e  sample i n t o  36% RH r e s u l t e d  i n  an 
i n c r e a s e  i n  t h e  w a t e r  c o n t e n t  t o  0.045 a f t e r  1 4 4  h o u r s .  I n c r e a s e s  i n  humidi ty  
brought  i n c r e a s e s  i n  w a t e r  c o n t e n t  (Table 5 ) .  
A second s i l i c o n  wedge w i t h  a c o n t a c t  made a t  C e n t r a l a b  and sh ipped  w i t h  a  
d e s i c c a n t  t o  keep i t  dry  behaved v e r y  d i f f e r e n t l y  from t h e  f i r s t  Cen t ra lab  
sample,  as shown i n  Table  6 .  Water began t o  appear  a t  t h e  i n t e r f a c e  a t  85% 
RH, and i n c r e a s e d  a s  t h e  humidi ty  was r a i s e d .  
A s i l i c o n  wedge w i t h  both  1000& of t i t a n i u m  and t h r e e  microns of s i l v e r  was 
t e s t e d  t o  s e e  i f  t i t a n i u m  is  a l s o  porous t o  m o i s t u r e .  U n f o r t u n a t e l y  t h e  
sample was n o t  t r a n s p a r e n t  t o  t h e  i n f r a r e d  and no o u t p u t  s i g n a l  was o b t a i n e d .  
The wedge was s t o r e d  i n  humid a i r  t o  s e e  i f  a  change i n  chemical  composi t ion 
would a l t e r  t h e  l i g h t  a b s o r b i n g  c h a r a c t e r i s t i c s  of t h e  sample .  No change 
was observed i n  p r o g r e s s i n g  from 32% RH t o  96% RW and t h e  t e s t  w a s  t e r m i n a t e d .  
Four d i f f e r e n t  samples were found t o  be porous  t o  m o i s t u r e ,  The p o r o s i t y  seems 
t o  v a r y  from sample 60 sample,  These r e s u l t s  would e x p l a i n  t h e  a p p a r e n t  
dependence of c e l l  d e g r a d a t i o n  on humidi ty  a s  r e p o r t e d  by S p r i n g g a t e  (Ref. 2 0 ) .  
The f a c t  t h a t  samples from t h e  same s o u r c e  behaved q u i t e  d i f f e r e n t l y  s u g g e s t s  
t h a t  t h e r e  may be a day-to-day v a r i a t i o n  i n  s i l v e r  p o r o s i t y  e x p l a i n i n g  t h e  
batch- to-batch v a r i a t i o n s  i n  humidi ty  d e g r a d a t i o n  p r e v i o u s l y  observed (Ref,  3 ,  4 ) .  
Time i n  96% H m i d i t y  (Hours) 
F i g u r e  26 : WATER B U I L D - U P  VERSUS T I M E  AT C O N S T A ~ T  H U M I D I T Y  
2 5 50 7 5 100 
R e l a t i v e  H m i d i t y  (Percen t )  
Figure 27:  WATER BUILD-UP VERSUS HUMIDITY 

Tab le  5: INTERFACE WATER IN C E m A L A B  SILVER-ON-SILICON SAWLE bl 
Table 6 .: INTERFACE WATER IN CENTRALAB SILVER- ON-SILICON SAMPLE d 2 
P r o t e c t i o n  of t h e  chemica l ly  r e a c t i v e  t i t a n i u m  w i t h  a r,or,--porous l a y e r  would be  
one s o l u t i o n  t o  t h e  c o n t a c t  d e g r a d a t i o n  problem, The use  of gold  i n s t e a d  o f  
s i l v e r  is a good p r o s p e c t .  A  one-micron l a y e r  of gold  was vacuum evapora ted  
on to  a s i l i c o n  wedge used f o r  i n t e r n a l .  r e f l e c t i o n  spec t roscopy  and p laced  i n  a  96% 
RH a tmosphere  a t  room tempera tu re ,  A f t e r  1348 hours  no ev idence  of wa te r  was 
s e e n  ( F i g u r e  29) i n d i c a t i n g  t h a t  even one micron of gold  i s  n o t  porous t o  w a t e r .  
Some o t h e r  i n t e r e s t i n g  r e s u l t s  were o b t a i n e d  from t h e  i n t e r n a l  r e f l e c t i o n  
s p e c t r o s c o p y  work, Boeing, H e l i o t e k ,  and Cent ra lab-prepared  s i l v e r - o n - s i l i c o n  
samples developed b l i s t e r s  a f t e r  exposure  t o  >90% RH environments .  These 
b l i s t e r s  were  c i r c u l a r  i n  shape ( F i g u r e s  30 and 31) and c h a r a c t e r i s t i c  of g a s  
f o r m a t i o n ,  The p r o b a b l e  r e a c t i o n  i n v o l v e s  t h e  c o r r o s i o n  of s i l i c o n  by t h e  
e q u a t i o n  : 
S i  -i- 2N20 + SiO + 4 ~ '  + 4e- 
2 
and 4 ~ '  + 4e- + 2H 'r 2 
S i l i c o n  is  known t o  form i m p e r f e c t  ox ide  c o a t i n g s ,  I n  f a c t ,  ~ e m i c o ~ ~ d u c t o r  
manufac tu re r s  must t a k e  s p e c i a l  c a r e  t o  grow ox ide  c o a t i n g s  which a r e  
p a s s i v a t i n g  and n o t  s u b j e c t  t o  c o r r o s i o n  (Ref.  2 1 ) -  Th is  work s u g g e s t s  t h a t  
s o l a r  c e l l s  could  c o r r o d e  where t i t a n i u m  does  n o t  cover  t h e  s i l i c o n .  F i s c h e r  
e t  a1 performed a  t e s t  where t i t a n i u m  and s i l v e r  were p l a t e d  o n t o  g l a s s  (Ref.  1 1 ) .  
When p l a c e d  i n  % 1 Q O %  RH, b l i s t e r s  developed which resembled t h o s e  on s o l a r  
c e l l s .  They t h e n  concluded t h a t  s i l i c o n  d i d  n o t  t a k e  p a r t  i n  t h e  c o r r o s i o n  
mechanism. Our d a t a  i n d i c a t e  t h a t  t h e i r  e x t r a p o l a t i o n  of t e s t s  on g l a s s  t o  
c o n d i t i o n s  on s i l i c o n  i s  n o t  n e c e s s a r i l y  v a l i d .  I f  t h e  t i t a n i u m  forms an 
incomplete  o r  porous  l a y e r ,  i t  is  q u i t e  conce ivab le  t h a t  s i l i c o n  can a l s o  
promote c o r r o s i o n  v ia  t h e  mechanism p r e s e n t e d  above. 
To f u r t h e r  t e s t  t h i s  h y p o t h e s i s  s i l i c o n  w a f e r s  from bo th  manufac tu re r s  were 
coa ted  w i t h  t h r e e  microns of s i l v e r  i n  t h e  Boeing M i c r o e l e c t r o n i c s  l a b o r a t o r y  
and p l a c e d  a t  90'6 above wate r  i n  a c l o s e d  c o n t a i n e r  t o  g e n e r a t e  100% RH. 
The sun-facing s i d e  sf t h e  H e l i o t e k  sample developed b l i s t e r s  i n  2 4  hours  ( F i g u r e  
32). The C e n t r a l a b  sample showed ev idence  of s i l v e r  s e p a r a t i o n  i n  t h e  sample 
i n t e r i o r  b u t  no d i s c r e t e  b l i s t e r s ,  N e i t h e r  sample showed any ev idence  of 
b l i s t e r i n g  on  t h e  back s i d e .  From t h i s  we a g a i n  concluded t h a t  s i l i c o n  
c o r r o s i o n  may c o n t r i b u t e  t o  t h e  d e g r a d a t i o n  mechanism. However t h e  t i t a n i u m  
l a y e r  would have t o  b e  porous o r  incomple te  f o r  t h i s  t o  o c c u r .  Also i t  
shou ld  be  noted t h a t  t h e  back s i d e s  of s o l a r  c e l l s  appear  s u f f i c i e n t l y  
p a s s i v a t e d  t o  p r e c l u d e  s i l i c o n  c o r r o s i o n .  
I n t e r n a l  r e f l e c t i o n  s p e c t r o s c o p y ,  t h e  most s i g n i f i c a n t  of our  p h y s i c a l  t e s t s ,  
produced t h e s e  c o n c l u s i o n s :  
s Condensat ion of w a t e r  i n  t h e  s i l v e r  l a y e r  o c c u r s  r a p i d l y  above a  c r i t i c a l  
humidi ty .  O 
The s i l v e r  l a y e r  i s  porous w i t h  p o r e s  on the o r d e r  of 10-65A i n  r a d i u s ,  
e The s m a l l  d i m e t e r  of t h e  p o r e s  compared t o  t h e  th ickness  o f  t h e  s i l v e r  
f i l m s  (30,000W) s u g g e s t s  an i n t e r c o n n e c t e d  o r  "'spongelilce" s t r u c t u r e .  
e The p o r e  s i z e  d i s t r i b u t i o n  i n  the  s i l v e r  v a r i e s  from manufac tu re r  t o  
manufac tu re r  and from ba tch  t o  b a t c h  f o r  a g iven  manufac tu re r ,  

Figu re  38 : BLETER&S ON HELIOTEK 
SILVER-ON-SILICON SAI4PEE {$OX) 
Figure  31 : BLBTERS ON CENTRA-LAB 
S%L,VER- OW-SIL,XCQM SAMPLE 12 5x1 
(7X) 
F iglnre 32 : SILVER /SILICON SAMPLE 
e A one-micron g o l d  f i l m  i s  non-porous and rnay be  a  s u b s t i t u t e  f o r  t h e  porous 
s i lver  l a y e r ,  
S i l i c o n  can c o n t r i b u t e  t o  t h e  c o n t a c t  d e g r a d a t i o n  under c e r t a i n  c o n d i t i o n s  
through t h e  p robab le  r e a c t i o n :  S i  + 2H 0 + 2H2 + SiO 2 2 "  
3 . 2  Elec t rochemica l  Measurements 
The e l e c t r o c h e m i c a l  work done w i t h  s o l a r  c e l l s  c o n t a c t s  had two purposes :  (1) t o  
de te rmine  whether  d e g r a d a t i o n  can be  a c c e l e r a t e d  under c o n t r o l l e d  l a b o r a t o r y  
c o n d i t i o n s ,  and (2) t o  e s t a b l i s h  t h e  e f f e c t s  of v a r i o u s  chemical  environments 
on s o l a r  c e l l  d e g r a d a t i o n .  
3 . 2 . 1  P o l a r i z a t i o n  ~ e s t s  
By imposing a p o t e n t i a l  on a  s o l a r  c e l l  i n  a  chemical  environment we hoped t o  
c o n t r o l  and a c c e l e r a t e  d e g r a d a t i o n  under c o n t r o l l e d  c o n d i t i o n s  and l e a r n  more 
abou t  t h e  d e g r a d a t i o n  mechanism. Various chemical  s p e c i e s  a r e  thermodynamically 
s t a b l e  depending on t h e  pH and t h e  a p p l i e d  p o t e n t i a l  of t h e  sys tem.  The 
po ten t i a l -pH diagrams,  developed by Pourbaix ,  f o r  t i tanium-water  (Ref. 22) and 
s i l v e r - w a t e r  sys tems (Ref. 23) a r e  shown i n  F i g u r e s  33 and 34. Regions where 
v a r i o u s  s p e c i e s  a r e  s t a b l e  a r e  i n d i c a t e d  on t h e  diagrams.  L i n e s  a  and b r e f e r  
t o  t h e  l i m i t s  of s t a b i l i t y  of w a t e r .  Above a ,  t h e  r e a c t i o n  2 ~ 4 -  + 2e- + H2 
is  thermodynamically i m p o s s i b l e  f o r  r e a c t a n t s  and p r o d u c t s  a t  u n i t  a c t i v i t i e s .  
Above b ,  t h e  r e a c t i o n  4 ~ '  + 0 + 4e- + 2 H 0 i s  imposs ib le  f o r  t h e  same 
c o n d i t i o n s .  2  2  
By imposing a  p o t e n t i a l  of 0.0 v o l t s  w i t h  r e s p e c t  t o  t h e  s a t u r a t e d  calomel  
e l e c t r o d e  (SCE) on a s o l a r  ce l l  i n  a  s o l u t i o n  a t  pH = 0  t h e  Pourba ix  diagrams 
p r e d i c t  t h a t  Ag and T ~ O *  a r e  t h e  s t a b l e  s p e c i e s ,  S i l v e r  would n o t  r e a c t  a t  
t h i s  c o n d i t i o n ,  whereas t i t a n i u m  would. T h i s  c o n d i t i o n  would t h e r e f o r e  p r o v i d e  
a test of which component r e s u l t s  i n  c e l l  f a i l u r e .  I n  t h e  p resence  of c h l o r i d e  
t h e r e  i s  a n o t h e r  e q u i l i b r i u m  which must b e  c o n s i d e r e d  i n  t h e  Pourba ix  diagram: 
Above t h i s  p o t e n t i a l  AgCl is  t h e  s t a b l e  s p e c i e s ,  w h i l e  below Ag i s  s t a b l e .  
S o l u t i o n s  of TIC1 NH4F and NaOH were chosen t o  p r o v i d e  e l e c t r o l y t e s  w i t h  a  wide 
range of pH v a l u e s .  The pH of t h e  s o l u t i o n s  a s  measured w i t h  a  Beckman pH 
meter (Model G) a r e :  
S o l u t i o n  Pi! 
1 N  H C 1  0.0 
l N  NH4F 7 . 1  
O.0lN NaOH 12 , 0  
The s o l a r  c e l l ,  a c t i n g  a s  t h e  c o n t r o l  e l e c t r o d e ,  was p l a c e d  i n  a  t e f l o n  
c e l l  f i l l e d  w i t h  t h e  a p p r o p r i a t e  s o l u t i o n  (F igure  35). A p l a t i n u m  w i r e  s e r v e d  
as t h e  c o u n t e r  e l e c t r o d e  and a SCE was used a s  r e f e r e n c e ,  A Magna P o t e n t i o s t a t  
(Model 4700M) was used t o  measure t h e  c u r r e n t  as a f u n c t i o n  of a p p l i e d  v o l t a g e .  
The r e s u l t i n g  p o l a r i z a t i o n  curves  d i d  n o t  show any unexpected r e s u l t s .  F i g u r e  
36 shows t h e  p o l a r i z a t i o n  curve  f o r  IN H C l .  The a r e a  l a b e l e d  "A" cor responds  
Figure 3 3 :  POTENTIAL-pH Ee)tilLI[BWIUEi"l D I A G R A M  FOR THE 
TITANIUM-WATER SYSTEM AT 2 5 ' ~  
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Figure 3 4 :  POTENTIAL-pH EQUILIBRIUM DIAGRAM FOR T H E  
SILVER-WATER SYSTEM A T  2 5 ' ~  
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F Igure 36 : PQLARXZATION CURVE O F  CELL $P9. HCl 
t o  c a t l i o d i c  behavio-r of t h e  c e l l  where t h e  r e a c u o n  1s 2hiE + ?e- - l i p  'n 
""" a t h e  c e l l  becomes anod ic  and s i l v e r  o x i d i z e s  t o  gave s i l v e r  c h l o r i d e  
by t h e  r e a c t i o n  bag 4 G l -  + AgGl -i- ele ,  Region ""rhocorres~onds  r o  t h e  r e d a c t i o n  
of t h e  s p e c i e s  o x i d i z e d  iaz reg ion  '9" (~gCl 4- e- +- kg + Cl-), The shapes  of 
r e g i o n s  "B" and "C" a r e  expec ted  t o  vary  a s  f u n c t i o n s  of t h e  p a s l  h i s t o r y  of 
t h e  c e l l .  The p o l a r i z a t i o n  curves  i n d i c a t e  t h e  i r r e v e r s i b i l i t y  of t h e  e l e c t r o d e  
p r o c e s s .  S i m i l a r  c u r v e s  f o r  NM4F and YaOH a r e  shown i n  F i g u r e s  37 and 38, The 
peak a t  p o s i t i v e  p o t e n t i a l s  are due & O  t h e  o x i d a t i o n  of s i l v e r  t o  s i l v e r  
o x i d e  (Ag20) . 
A r e f e r e n c e  c u r r e n t - v o l t a g e  (I-V) c u r v e  was recorded  f o r  each s o l a r  c e l l  b e f o r e  any  
e l e c t r o c h e m i c a l  t e s t s  were performed w i t h  t h e  c e l l ,  The p o t e n t i o s t a t i c  t e s t s  
were i n i t i a t e d  and I-V curves  were p e r i o d i c a l l y  o b t a i n e d  u n t i l  d e g r a d a t i o n  
o c c u r r e d .  S o l a r  ce1l .s  i r a  N C l  s o l u t i o n s  a t  p o t e n t i a l s  of O.0V ( T ~ o *  and 
AgGl a r e  s t a b l e )  snd -0,3V (T~o* and Ag a r e  s t a b l e )  wi th  r e s p e c t  t o  a  SCE 
r e f e r e n c e  e l e c t r o d e  degraded i n  51 h o u r s  and 84 hours  r e s p e c t i v e l y ,  i n d i c a t i n g  
t h a t  t h e  environment  a c c e l e r a t e d  t h e  d e g r a d a t i o n ,  I t  is s i g n i f i c a n t  tha.t 
a p p l y i n g  a p o t e n t i a l  between t h e  e l e c t r o l y t e  and t h e  s i l v e r - - t i t a n i u m  c o n t a c t  
of t h e  s o l a r  c e l l  produces  r a p i d  d e g r a d a t i o n  a t  room t e m p e r a t u r e .  T e s t s  i n  
s o l u t i o n s  of 1 normal NH4F (pH = 7 , l )  and 0 , O l  i ~ o r ~ n a l .  iL'aOIi (pH = 1 2 )  showed no 
I-V d e g r a d a t i o n  a f t e r  109 hours  i n  t h e  NB4F s o l u t i o n  main ta ined  a t  G e l  v o l t  
v e r s u s  t h e  SCE and 1 4 4  hours  i n  NaON a t  0 . 0  v o l t s ,  
The e x p e r i m e n t a l  c o n d i t i o n s  a r e  p l o t t e d  a s  p o i n t s  on the  Pourbaix  diagrams 
( F i g u r e s  33 and 3 4 ) .  I n  H C l  t h e  c o n d i t i o n s  a r e  i n  t h e  r e g i o n  where s o l u b l e  
t i t a n i u m  i o n s  a r e  t h e  thermodynamically s t a b l e  s p e c i e s ,  permitting d e g r a d a t i o n  
t o  o c c u r ,  The i n c r e a s e d  d e g r a d a t i o n  r a t e  a t  0 .0  v o l t s  o c c l ~ r s  because  of  t h e  
h i g h e r  a p p l i e d  a n o d i c  p o t e n t i a l  which r e s u l t s  i n  a  h i g h e r  ~ e r v o l t a g e  t o  d r i v e  
t h e  r e a c t i o n .  A t  a  pH of 9 and a t  t h e  p o t e n t i a l  a p p l i e d  t lL2 s t a b l e  s p e c i e s  
is t i t a n i u m  o x i d e  which would be  expec ted  t o  form a  p r o t e c t i v e  Layer and h i n d e r  
c o r r o s i o n ,  The b e h a v i o r  a t  pH of 12 i s  h a r d e r  t o  p r e d i c t  because  of p o s s i b l e  
fo rmat ion  of s o l u b l e  HTi03- s p e c i e s *  Exper imenta l  r e s u l t s  sugges ted  t h a t  
d e g r a d a t i o n  had n o t  o c c u r r e d  i n  e i t h e r  c a s e ,  Subsequent rcst p o t e n t i a l  t e s t s  
( S e c t i o n  3.2,3) showed, however, t h a t  s o l a r  c e l l s  i n  NH4P id NaOK degrade  w i t h  
l o s s  of s i l v e r  on t ime s c a l e s  s i m i l a r  t o  t h o s e  used i n  t h e  p o l a r i z a t i o n  t e s t s .  
Upon examina t ion  of t h e  c e l l s  we found t h a t  t h e  s i l v e r  l a y e r  would s e p a r a t e  
w i t h  g e n t l e  p rob ing  f o r  both  t h e  NH4F and NaON samples ,  We then  concluded 
t h a t  1 - V  e l e c t r i c a l  measurements a l o n e  might n o t  be  a  good i n d i c a t i o n  of  
c o n t a c t  d e g r a d a t i o n .  
S u m a r i z i n g ,  t h e  p o l a r i z a t i o n  measurements have shown t h a t  s o l a r  c e l l  degrada- 
t i o n  cou ld  be c o n t r o l l e d  and a c c e l e r a t e d  under  c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s ,  
The measurements a l s o  i n d i c a t e d  t h a t  t h e  s i l v e r  c o n t a c t  on s o l a r  c e l l s  i s  porous 
and t h a t  t i t a n i u m  i s  i n t e r a c t i n g  w i t h  t h e  chemical  s o l u t i o n ,  
3 . 2 . 2  Rest  P o t e n t i a l  T e s t s  
Rest  p o t e n t i a l  i s  the  open c i r c u i t  e q u i l i b r i u m  p o t e n t - i a t  of a n  e l e c t r o d e  i n  
c o n t a c t  with an e l e c t r o l y t e *  Samples of s o l a r  c e l l s ,  s i l ve r ,  arrcl s i l i c o n  were 
p l a c e d  i n  varicjus chemical  s o l u t i o n s  and t h e i r  r e s t  p o t e n t i a l s  were measured 
as a  f u n c t i o n  of t ime ,  Measlirenieats \.rere made w i t h  a  h igh j~rnpedance v o l t m e t e r  
( K e i t h l e ~ ,  Model 20QB) a g a i n s t  a SCE r e f e r e n c e  e l e c t r o d e  (Figure 39). R e s u l t s  
f o r  s o l a r  c e l l s  a r e  shown i n  Figtlre 4 0 .  An i n t e r e s t i n g  observation i s  t h a t  t h e  
Electrolyte: I M o m l  NPI. F 4 
Voltage Scan +r , oOQ II-- I 
Potential (Volts) 
5 
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d a t a  f a l l  i n t o  two d i s t i n c t  groupings, The p o s s i b i l i t y  of p r e d i c t i n g  degradat ion 
behavior  based on r e s t  p o t e n t i a l  measurements was suggested (Ref. 5 ) .  It 
w i l l  he  s h s t ~ n  l a t e r  t h a t  NaOH, HC1, NaCL and NH4F promote r a p i d  degradat ion 
i n  s o l a r  c e l l s .  However, s o  does W 2 S 0 4  which appears  i n  the upper group. 
It is un l ike ly  t h a t  r e s t  p o t e n t i a l s  w i l l  prove t o  be a  u se fu l  t e s t  f o r  p red ic t ing  
s o l a r  c e l l  degradat ion behavior .  
The rest p o t e n t i a l s  of s o l a r  c e l l s  a lone do n o t  y i e l d  much information about 
the degradat ion process .  There a r e  t h ree  substances i n  the  s o l a r  c e l l  which can 
i n t e r a c t  i nd iv idua l ly  o r  when coupled wi th  t h e  s o l u t i o n ,  These a r e  s i l v e r ,  
s i l i c o n ,  and t i t an ium.  When two d i s s i m i l a r  substances a r e  coupled i n  a  conductive 
s o l u t i o n  the  p o t e n t i a l  exh ib i t ed  by the  system i s  c a l l e d  a  mixed p o t e n t i a l .  The 
mixed p o t e n t i a l  depends on many f a c t o r s  and i t s  a c t u a l  va lue  is  impossible t o  
p r e d i c t .  We can only s t a t e  t h a t  t he  mixed p o t e n t i a l  w i l l  l i e  between the  two 
i n d i v i d u a l  r e s t  p o t e n t i a l s  (Figure 41 ) .  Rest p o t e n t i a l s  of s i l v e r ,  s i l i c o n  
and s i l v e r - s i l i c o n  couples were measured i n  the  same s o l u t i o n s  a s  t he  s o l a r  
c e l l s .  It is  i n t e r e s t i n g  t o  compare s o l a r  c e l l  r e s t  p o t e n t i a l s  t o  s i l i c o n  
and s i l v e r  r e s t  p o t e n t i a l s  i n  the  same s o l u t i o n .  Table 7 shows such p o t e n t i a l s  
measured 10 hours a f t e r  immersion i n  var ious  s o l u t i o n s .  The ten-hour delay 
was t o  al low the  system t o  e q u i l i b r a t e .  
Table 7 :  REST POTENTIALS 
For the  s i l v e r - s i l i c o n  system the d a t a  (Table 7) shob? t h a t  the  mixed p o t e n t i a l  
l i e s  c l o s e r  t o  t h a t  of s i l v e r ,  This impl ies  t h a t  the  exchange c u r r e n t  f o r  t h e  
s i l v e r  r e a c t i o n  is g r e a t e r  than f o r  t he  s i l i c o n  r eac t ion .  P o t e n t i a l s  of the  
s o l a r  c e l l s  a r e  more nega t ive  than the  s i l v e r - s i l i c o n  couple i n  the  s o l u t i o n s ,  
This impl ies  t h a t  an i n t e r a c t i o n  is occurr ing ,  wi th  a  substance having a  more 
nega t ive  r e s t  p o t e n t i a l  than s i l v e r  o r  s i l i c o n .  Such a  substance i s  t i t an ium,  

It i s  t h u s  sugges ted  t h a t   he s i l v e r  c o n t a c t  i s  porous and i n t e r a c t i o n  of t h e  
s o l u t i o n  w i t h  t i t a n i u m  g i v e s  r i s e  t o  t h e  observed p o t e n t i a l .  
3 '2 .3  E f f e c t s  of Chemical E n v i r o m e n t s  
The c e l l s  from t h e  r e s t  p o t e n t i a l  t e s t s  were a l s o  used i n  s t u d y i n g  t h e  e f f e c t s  
of v a r i o u s  chemical  s p e c i e s  on d e g r a d a t i o n  and d e g r a d a t i o n  r a t e s .  I f  t i t a n i u m  
is i n t e r a c t i n g  w i t h  t h e  environment i t  is  expec ted  t h a t  s o l a r  c e l l s  p l a c e d  i n  
a c i d i c  and b a s i c  s o l u t i o n s  would degrade w i t h  t h e  fo rmat ion  of ~ i + ~  and HTiOl
type s p e c i e s  r e s p e c t i v e l y  (F igure  33). The behav ior  of c e l l s  i n  more n e u t r a l  
s o l u t i o n s  is  expec ted  t o  be more p a s s i v e  w i t h  t h e  fo rmat ion  of t h e  p r o t e c t i v e  
ox ide  l a y e r  (F igure  3 3 ) .  
The d a t a  from r e s t  p o t e n t i a l  t e s t s  a long  w i t h  comments concerning d e g r a d a t i o n  
appear  i n  Tab le  8. B l i s t e r s  were determined by i n s p e c t i o n  under a  5 0 X  micro- 
T a b l e  8 : EFFECTS OF ENVIRONENT CH4 SOLAR CELLS 
scope.  Probing w i t h  a  d e n t a l  t o o l  e s t a b l i s h e d  t h e  adherence of t h e  s i l v e r  
c o n t a c t  l a y e r .  E l e c t r i c a l  d e g r a d a t i o n  w a s  determined from I - V  c u r v e s .  
The p r e d i c t e d  a c i d i c  and b a s i c  s o l u t i o n  behav ior  i s  conf i rmed i n  t h e  r e s u l t s .  
Complete d e l a m i n a t i o n  of t h e  s i l v e r  l a y e r  o c c u r r e d  under b o t h  c o n d i t i o n s .  I n  
Table 8 t h e  t ime of exposure  t o  s o l u t i o n s  i n d i c a t e s  when t h e  o b s e r v a t i o n s  
were made, b u t  t h e  d e g r a d a t i o n  p robab ly  began much e a r l i e r ,  T h e r e f o r e ,  one 
should n o t  conclude f o r  example tha t  NaON is more c o r r o s i v e  than  R C 1  o r  K2S04 .  
3M a l s o  r e p o r t e d  b l i s t e r s  oa s i l v e r - t i t a n i u m  sa-nples immersed i n  s o l u t i o n s  of 
NaOH, KOW and humid a i r  above BF, H C l  b u t  n o t  H ~ s o ~ ( R ~ ~ .  8,9). The NaOH, KOH, 
HF, and NC1 r e s u l t s  are  p r e d i c t e d  and a g r e e  w i t h  our  o b s e r v a t i o n s .  The 
absence of d e g r a d a t i o n  i n  t h e  K z S O ~  cou ld  h e  e x p l a i n e d  by t h e  very l ~ w  vapor  
p r e s s u r e s  of H2S04 (<lmm) when compared t o  HCl(40 atm.) and HF(1 a t m . ) .  
The more n e u t r a l  s o l u t i o n s  of Na2S04, H 0 ,  NH F,  and NaCl e x h i b i t  i n t e r e s t i n g  2  4 
and s u r p r i s i n g  behav ior .  A l l  c e l l s  e x c e p t  t h o s e  i n  Na2S04 e v e n t u a l l y  degraded.  
The o n l y  e x p l a n a t i o n  we can o f f e r  f o r  t h e  b e h a v i o r  i n  Na2S04 i s  t h a t  t h e  pre-  
c i p i t a t i o n  of Ag2S04, a s  evidenced by a  v i s i b l e  ye l lowish  c o a t i n g  on t h e  s i l v e r  
c o n t a c t ,  s e a l s  o f f  m o i s t u r e  from t h e  s i l v e r  and t h u s  a c t s  a s  a  b a r r i e r  t o  
p reven t  d e g r a d a t i o n .  3M a l s o  r e p o r t e d  b l i s t e r i n g  when s i l v e r - t i t a n i u m  samples 
were p l a c e d  i n  N a C l ,  b u t  none i n  w a t e r  (Ref. 8 ) .  However t h e  test l a s t e d  o n l y  
10 days (240 h o u r s ) ,  and our  d e g r a d a t i o n  i n  w a t e r  w a s n ' t  r e a d i l y  a p p a r e n t  a t  
213 hours .  
Both H20 and N a C l  i n i t i a l l y  produced b l i s t e r s  b u t  no s i l v e r  s e p a r a t i o n  o r  
s i g n i f i c a n t  I -V  d e g r a d a t i o n .  Pourbaix  diagrams p r e d i c t  t h a t  i n  t h i s  pH range,  
t i t a n i u m  should  form a p r o t e c t i v e  o x i d e  c o a t i n g  t y p i c a l l y  5 0 i  t h i c k ,  i n h i b i t i n g  
f u r t h e r  c o r r o s i o n .  
3 .2 .3 .1  B l i s t e r  Genera t ion  
S e v e r a l  q u e s t i o n s  can be asked about  t h e s e  b l i s t e r s :  
(1) Would a 5 0 i  o x i d a t i o n  of t i t a n i u m  produce enough hydrogen t o  cause  
t h e  b l i s t e r s  s e e n ?  
(2) ldould t h e  p r e s s u r e  genera ted  under  t h e  s i l v e r  be s u f f i c i e n t  t o  
raise a b l i s t e r ?  
Using t h e  f o l l o w i n g  assumptions  we can c a l c u l a t e  t h e  amount of hydrogen 
genera ted  by t h e  t i t a n i u m  being o x i d i z e d :  
Diameter of t y p i c a l  b l i s t e r  = 0.005 i g c h e s  (1627 x  10'~cm) 
T i  + 2H20 + T i 0 2  + 2H2 t o  a dep th  of 50A 
The area of t h e  b l i s t e r  would be:  
Area = 
= 1 .27  x 10-4cm2 
The amount of t i t a n i u m  corroded would be :  
Each mole of T i  would g e n e r a t e  two moles of hydrogen. T h e r e f o r e  t h e  amount 
of hydrogen g e n e r a t e d  would be:  
2  -4 2  (2.25 x Ti/cm ) ( 1 . 2 7  x 1 0  cm ) ( 2  moles H2/mole T i ) (22 ,400  ern3 H2/mole) 
x = 48gm Ti/mole 
- 7 
x = 2.66 x 10 cm3 o r  1 - 1 0  x  10-I' moles hydrogen 
The volume of a b l i s t e r  can be e s t i m a t e d  a s  shown i n  t h e  s k e t c h  below. The 
s l o p e  of a b l i s t e r  was measured w i t h  an o p t i c a l  comparator  and found t o  be  
t y p i c a i l y  l e s s  than  20'. 
By g e o m e t r i c a l  arguments i t  can be  shown t h a t  @ = 20°.R, t h e  r a d i u s  of t h e  
assumed s p h e r i c a l  b l i s t e r ,  can be c a l c u l a t e d  from: 
X 
s i n  = - R 
The h e i g h t  of t h e  b l i s t e r  can now be o b t a i n e d  from: 
2 h  - 2% + x2 = 0 which is  a  q u a d r a t i c  e q u a t i o n .  
-3 Since  h  must be l e s s  t h a n  Tan ( 2 0 ° )  (6.35 x = 2 - 3  x 10 cm, t h e  c o r r e c t  
v a l u e  i s  1.1 x l ~ - ~ c r n .  
B2-126194-3 
The volume of t h i s  b l i s t e r ,  a s p h e r i c a l  segment, can now be ca l cu la t ed :  
(Volume) -8 3 b l i s t e r  = 6.95 x 10  cm 
This volume of the  b l i s t e r  is  l e s s  than the  amount of hydrogen generated 
(2.7 x  1oM7cm3) and t h e r e f o r e  i t  can be concluded t h a t  s u r f a c e  oxida t ion  of 
t i t an ium can provide enough hydrogen t o  f i l l  t h e  b l i s t e r .  
The second ques t ion  involves  the p re s su re  requi red  t o  r a i s e  t he  s i l v e r  l a y e r .  
The p re s su re  needed t o  r a i s e  t h ree  microns of s i l v e r ,  a  t y p i c a l  con tac t  th ickness  
can be es t imated  a s  fo l lows:  
The f o r c e  a c t i n g  upward i s  : 2 P, = RCm 1 
where P = pres su re  needed t o  r a i s e  t he  b l i s t e r  
rr2 = a r e a  of the  b l i s t e r  
The r e s i s t i n g  fo rce  i s :  FT = a t ( 2 ~ r )  
Y 
where 6 2  a = y i e l d  s t r e s s  of s i l v e r  (est imated a t  10 gm/cm ) 
tY = th ickness  of the  s i l v e r  (3  x 10'~cm) 
( 2 ~ r )  = circumference of t he  b l i s t e r  
r = r ad ius  of b l i s t e r  (6.4 x 10'~cm t y p i c a l )  
From geometr ical  arguments: 
F~ 
-
= s i n  6 
F~ 
S u b s t i t u t i n g  we ob ta in :  
2 P ( n r  ) = a t(2rr)sin 8 
Y 
20 t s i n  6 P -  y 
1 
AS 6 approaches zero t h e  p re s su re (P )  needed t o  r a i s e  t h e  s i l v e r  approaches 
zero.  For 0 = 20° ,  P = 31 atmospheres,  
The p re s su re  needed t o  r a i s e  the  b l i s t e r  would vary  from 0 t o  something i n  t h e  
o rde r  of 31  atmospheres as the b l i s t e r  becomes l a r g e r .  This  c a l c u l a t i o n  must 
be cons idered  only approximate because i t  does n o t  t ake  i n t o  e f f e c t  t he  poss i -  
b i l i t y  of an i nc rease  i n  r as the  b l i s t e r  grows. Also i f  t h e  s i l v e r  i s  porous 
then 5 would be l e s s  than f o r  s o l i d  meta l ,  The angle  0 con t inua l ly  changes 
Y a s  t h e  b l i s t e r  grows, and the  y i e l d  s t r e s s  was es t imated .  
The p r e s s u r e  produced wi th in  a b l i s t e r  by t h e  co r ros ion  of t i t an ium can be  
c a l c u l a t e d  from: 
PV = nRT 
where -8 3 V = Volume of b l i s t e r  (6.95 x 1 0  cm ) 
n = Number of moles of H2 (1.19 x 10-l1 moles H2) 
R = 0.082 l .atm/deg. mole 
T = 298'K 
(1.19 x lo-'' moles H2) (0.082 l.atm/deg.mole) (298OK) 
P = 
6.95 x lo-'' l i t e r s  
P = 4 .2  atmospheres 
Again t h i s  p r e s su re  must be cons idered  approximate a s  i t  does n o t  a l low f o r  
escaped gas ,  and b l i s t e r  volume was approximated. We can conclude, however, 
t h a t  t h e  numbers a r e  no t  unreasonable  and t h a t  t h e  p r e s s u r e  genera ted  (4 
a t ~ o s p h e r e s )  i s  s u f f i c i e n t  t o  r a i s e  a b l i s t e r .  Oxidat ion of t i t an ium beyond 
50A o r  hydrogen migra t ion  from reg ions  ad j acen t  t o  a b l i s t e r  can inc rease  t he  
p re s su re .  
Another ques t i on  which arises concerning b l i s t e r s  is :  I f  water  can g e t  i n  
the  s i l v e r ,  why c a n ' t  t he  hydrogen genera ted  g e t  o u t ?  The p re s su re  r e q u i r e d  
t o  blow o u t  t he  water  i n  a pore can be e s t ima ted  from: 
Where r = pore r a d i u s  (assume 30 A h e r e )  
a = s u r f a c e  tens ion  of water  (72 dyneslcm) 
AP = pres su re  
AP = 480 Atmospheres 
It i s  u n l i k e l y  t h a t  p r e s su re s  of t h i s  magnitude can be genera ted  and thus  t h e  
hydrogen could no t  escape.  This does n o t  mean, however, t h a t  t h e  hydrogen 
cannot d i f f u s e  away from the  a r e a  where i t  is genera ted  and f i n d  o t h e r  avenues 
of escape. Est imates  of hydrogen d i f f u s i o n  r a t e  away from t h e  co r ros ion  s i t e  
can be  made: 
where j = d i f f u s i o n  r a t e  
-5 2 D = d i f f u s i o n  c o e f f i c i e n t  (approximately IQ cm / sec )  
d c 
- - 
dx - d i f f e r e n t i a l  concen t r a t i on  g r a d i e n t  
"d 1 . 5 x l ~ ' ~ ~ m  H2 b7. 5 ~ 1 0 - ~ m o l e  H2 
% ' s a tu ra t i on  of hydrogen 
i n  wa te r  cm 3 cm 3 
AX = 3 x cm ~g 3 
-5 2 ( 7  $ 5  x moles H /cm ) j % 10 cm /see 2 
(3  x cm ~ g )  
2 j 1. 2.5 x lo-$ moles H 2 /cm Ag. s e c  
Assume t h e  f r a c t i o n  of vo ids  i n  s i l v e r  (po ros i t y )  i s  0.1%. 
2 
J e f f  
1 (0.001) (2.5 x lom8) = 2 - 5  x LO-' moles H /cm Ag . s ec  2 
Volume of gas d i f f u s i n g  % (2.5 x 10-l' 3 moles H ~ ~ ~ ~ A ~ .  s e c )  (22,400 cm /mole H2) 
-7 3 2 volume of gas d i f f u s i n g  5.6 x 10  cm H / s m  Ag,sec 2 
The amount of hydrogen genera ted(x)  is 2.66 x 1oe7cm3 i n  an a r e a  (A) of 
1.27 x 10-4cm2Ag. 
The time a v a i l a b l e  t o  form a b l i s t e r  be fo re  t h e  hydrogen can d i f f u s e  away i s  
L 
x/A - T = --- - 
volume 3 2 = 3730 seconds 5.6 x lo-' cm H,/cm Ag.sec 
L 
The co r ros ion  c u r r e n t  needed t o  produce hydrogen on t h i s  time s c a l e  i s :  
-3 3 2 5 (2.09 x 10 cm H2/cm Ag) (1.93 x 10  Coulombs/mole H2 ) 
i = 
3 4 3 (3.73 x 10 sec) (2 .24  x 10 cm H2/mole H2) 
i = 4 . 8  uA/cm 2 
This  i s  t h e  o rde r  of magnitude of cor ros ion  c u r r e n t s  f o r  titmiurn cor ros ion  
(Ref, 24). We t h e r e f o r e  conclude t h a t  hydrogen is genera ted  f a s t  enough t o  
form b l i s t e r s  be fo re  i t  can d i f f u s e  away from t h e  b l i s t e r  s i t e .  
Thus s u r f a c e  ox ida t ion  of t i t an ium can exp la in  i n i t i a l  b l i s t e r i n g  of s o l a r  
c e l l s .  The next  quest ion that  comes t o  mind is: what happens on f u r t h e r  
degrada t ion?  Severa l  mechanisms can opera te :  (I) The a r e a  under a b l i s t e r  
can cont inue  t o  ox id i ze  en l a rg ing  the b l i s t e r ,  (2)  a r e a s  ad j acen t  t o  t h e  
b l i s t e r  can ~ x i d i z e  wi th  hydrogen migra t ing  i n t o  t h e  b l i s t e r ,  (3) new b l i s t e r s  
raE farm Ln new a r e a s ,  o r  ( 4 )  no new b l i s ~ e r s  form because hydrogen escapes.  
This  ques t i on  w a s  answered by performing t h e  fol lowing t e s t .  We i d e n t i f i e d  
an area on the  back con tac t  of a s o l a r  c e l l  wi th  a  s c r i b e  and p laced  t h e  c e l l  
i n  a 90°C oven above a t r a y  of water  t o  genera te  nd 100% RH, We p e r i o d i c a l l y  
removed t h e  c e l l  from t h e  environment and photographed i t  wi th  a  Ze i s s  Ultra- 
phot 11. These photographs (Figures  42 and 43) showed t h a t :  
(1)  New b l i s t e r s  appeared wi th  t he  passage of t i m e  ( l a b e l l e d  N). 
(2) Old b l i s t e r s  grew to  random s i z e s  ( l a b e l l e d  6 )  and then stopped 
growing ( l a b e l l e d  S ) .  There seemed t o  be no r e l a t i o n  t o  f i n a l  b l i s t e r  
s i z e  o r  t o  t i m e .  
(3) S i l v e r  pee led  away i n  a r e a s  where no b l i s t e r s  appeared. 
It thus  seems probable  t h a t  a l l  f ou r  proposed mechanisms above a r e  i n  ope ra t i on .  
Becker 's  work tends t o  support  t he se  mechanisms (Ref. 1 6 ) .  He showed t h e  presence  
of r e l a t i v e l y  t h i c k  l a y e r s  of oxide on degraded c e l l s ,  and i n  some cases  t h e  
presence of TiH2, i n d i c a t i n g  t o  him t h a t  n o t  a l l  of t h e  s u r f a c e  was ox id ized .  
It should be  no ted  t h a t  Beckerqs  method of d e t e c t i o n  ( e l e c t r o n  d i f f r a c t i o n )  
involved t h e  use of r e p l i c a s  t o  remove t h e  des i r ed  l a y e r s  from s o l a r  c e l l s .  
It i s  n o t  known i f  t h e  r e p l i c a t i o n  process  removes a l l  of thg l a y e r s  from t h e  
s o l a r  c e l l  su r f ace .  The f a c t  t h a t  t h i c k  l a y e r s  (500 t o  1000A) of oxide were 
removed impl ies  t h a t  degrada t ion  involves  more than s u r f a c e  ox ida t ion .  This  
raises t h e  ques t ion  of why s u r f a c e  ox ida t ion  does no t  p r o t e c t  t he  t i t an ium 
from f u r t h e r  ox ida t ion .  The presence of h a l i d e s ,  a s  expla ined  l a t e r ,  can 
break the  p a s s i v i t y  of the  oxide t o  a l low f u r t h e r  r e a c t i o n .  It i s  a l s o  
p o s s i b l e  t h a t  t i t an ium oxide i n  the  ana t a se  form does n o t  p r o t e c t  a s  w e l l  a s  
does r u t i l e ,  thus  al lowing f u r t h e r  degrada t ion  t o  occur .  
-2 2 The a r e a  of t he  e l e c t r o n  beam used i n  Becker 's  work was % 1.77 x  10 cm which 
is % l o 2  t imes l a r g e r  than a  t y p i c a l  b l i s t e r .  Oxidation of t i t an ium must occur  
i n  a r e a s  ad j acen t  t o  b l i s t e r  s i t e s  s i n c e  i n  many i n s t a n c e s  he r epo r t ed  on ly  
oxides  on degraded c e l l s .  I f  ox ida t ion  only occurred i n  t h e  reg ion  of a  
b l i s t e r  h i s  r e s u l t s  would have shown t h e  presence of t i t a n i u m  o r  t i t an ium 
hydr ide  i n  a l l  ca se s ,  
3.2.3.2 F luo r ide  and Chloride Ions 
The d a t a  i n  Table 8 sugges ts  t h a t  bo th  NaCl and NN4F a c c e l e r a t e  and enhance degra- 
da t ion  of s o l a r  c e l l s .  This obse rva t ion  prompted ano the r  t e s t  where c e l l s  were 
p laced  i n  1 N  NaCl (pH = 6 a 6 5 ) ,  N H ~ F  (pH = 6 , 5 ) ,  and H 2 0  (pH = 6 . 7 ) ,  and kep t  
i n  a  90°C oven f o r  18.5 hours.  The h igh  temperature  w a s  used t o  a c c e l e r a t e  t h e  
co r ros ion  r a t e .  The c e l l s  exposed t o  f l u o r i d e  and e s p e c i a l l y  c h l o r i d e  i ons  
developed seve re  degrada t ion  wi th  b l i s t e r s  and con tac t  pee l ing  (Figure 4 4 ) ,  The 
c e l l s  from the  water  had no b l i s t e r s  and no s i l v e r  s e p a r a t i o n .  
Figure 42:  BLISTER GROWTH ( 4 S X )  
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1N NA4P, 90°c %W H a  el, 90.c 
F igure  .&& : DEGRADATION WITH HALIDES PRESENT 
F igu re  45 : Si/T9"/Ag %RS SAMPLE ( 2 5 ~ )  
60 
To s e e  what r o l e  i on  concent ra t ion  played,  t h e  t e s t  was repea ted  using 0.02N 
f l u o r i d e  and c h l o r i d e  s o l u t i o n s .  Af t e r  16,s hours a t  90QC both samples showed 
b l i s t e r i n g  wi th  the  ehborTde sample having more and l a r g e r  b l i s t e r s ,  The c o n t r o l  
c e l l  i n  water  had no degradat ion.  We concluded t h a t  the  presence of c h l o r i d e  
and f l u o r i d e  ions  a c c e l e r a t e s  degradat ion of s o l a r  c e l l  con tac t s .  More quant i-  
t a t i v e  work is d iscussed  i n  the next  s e c t i o n ,  
A ques t ion  which might be r a i s e d  now is whether t h e  presence of f l u o r i d e  o r  
ch lo r ide  i s  necessary t o  obta in  the  f a s t  degradat ion seen.  Solar  c e l l s  conta in  
f l u o r i d e  and ch lo r ide  contaminants,  as shown by mass spectroscopy d a t a  ( s ec t ion  
3.1.2).  Severa l  i tems of evidence i n d i c a t e  t he  halogens a r e  no t  necessary b u t  
t h a t  t h e i r  presence enhances the degradat ion.  For example, t h e  s i l ve r - t i t an ium 
sample made by Hel io tek  f o r  the i n t e r n a l  r e f l e c t i o n  spectroscopy s t u d i e s  had 
not  been subjec ted  t o  e tch ing  o r  c leaning processes  which might have l e f t  
apprec iab le  q u a n t i t i e s  of halogens. Yet when placed i n  96% RH the  sample 
developed many b l i s t e r s  on i ts  su r f ace  (Figure 4%) .  The l i g h t  co lored  s p o t s  
are b l i s t e r s  j u s t  beginning t o  form. Also F i sche r  e t  a l  (Ref. 11)  evaporated 
t i t an ium and s i l v e r  onto a  g l a s s  s l i d e  which was presumably kept  c l ean  and 
no t  subjec ted  t o  e t ch ing  and o the r  contaminating processes .  B l i s t e r s  formed 
on t h i s  sample when exposed t o  high humidity. 
0 
In  a f i n a l  confirming t e s t  we evaporated lOOQA of t i t an ium and t h r e e  microns 
of s i l v e r  onto a  g l a s s  s l i d e  i n  the  Boeing Microe lec t ronics  l abo ra to ry  where 
we could use s p e c i a l  p recaut ions  t o  maintain c l e a n l i n e s s .  A f t e r  48 hours i n  
humid a i r  (% 100% RH) a t  9Q°C s i l v e r  s epa ra t ion  occurred along edges b u t  
no b l i s t e r s  were seen. Af te r  12Q hours b l i s t e r s  could be  seen on the  s u r f a c e  
mainly along the  edges (Figure 46). A second sample made a t  a  d i f f e r e n t  
time showed b l i s t e r s  a f t e r  17 hours under t h e  s a m e  condi t ions  (Figure 47) .  
Thus s o l a r  c e l l  degradat ion can occur even i n  t he  absence of halogen contaminants.  
It is no t  known whether oxida t ion  of the  e n t i r e  t i t an ium l a y e r  takes  p l ace ,  
as i t  is probable t h a t  even su r f ace  oxida t ion  could r e s u l t  i n  l o s s  of s i l v e r  
adhesion. 
During these  t e s t s  and observa t ions  we noted t h a t  b l i s t e r s  were no t  n e c e s s a r i l y  
accompanied by e l e c t r i c a l  degradat ion a s  observed on an I - V  curve-  I f  t h e  c e l l s  
were degraded s o  badly t h a t  the  s i l v e r  could be e a s i l y  s epa ra t ed  wi th  g e n t l e  
probing, t he  I - V  c h a r a c t e r i s t i c s  would show d r a s t i c  degradat ion (Figure 48) .  
In  t h i s  i l l u s t r a t i o n  the  curve of the  b l i s t e r e d  c e l l  (curve 1 )  was t h e  same a s  
the  o r i g i n a l  I-V curve taken before  the t e s t  began. These r e s u l t s  f u r t h e r  
support t h e  observa t ion  t h a t  the  use of I-V curves a lone  may no t  be s u f f i c i e n t  
t o  e s t a b l i s h  degradat ion i n  a s o l a r  c e l l ,  
B l i s t e r s  tend t o  form along the  edges of t h e  con tac t  f i r s t .  Even the  s i l v e r -  
t i tanium-glass  samples i n i t i a l l y  formed b l i s t e r s  a long the  edges. Fur ther  
degradat ion i s  accompmied by b l i s t e r  formation i n  the  c e l l  i n t e r i o r .  The c e l l  
contac t  l a y e r s  have no overlap a t  edges, thus exposing t i t an ium t o  t h e  atmos- 
phere and providing a s u r f a c e  where cor ros ion  can s t a r t .  B l i s t e r s  a r e  l e s s  
l i k e l y  t o  fsm on t h e  sun-facing contact-., This may be due t o  t h e  narrow width 
of t he  g r i d  f i n g e r s ,  a l lowing the gas t o  escape before  a b l i s t e r  can be formed, 
As a  r e s u l t  g r i d s  very o f t e n  sepa ra t e  without  t he  appearance of b l i s t e r s .  
Figure 46 : SILVER-TITANIUM-GLASS SAMPLE #1 (25X) 
Figure 47 : SILVER-TffPANLUM-GLASS SAMPLE #2 ( 2  5X) 

S i l v e r  s epa ra t ion  does no t  n e c e s s a r i l y  occur on both s i d e s  of t he  c e l l  a t  t he  
same t i m e .  Data imply t h a t  the  g r i d s  tend t o  s e p a r a t e  f a s t e r  than the  back 
con tzc t .  This may be l inked  t o  the  l a r g e r  t i t an ium surface area which i s  
exposed t o  the  atmosphere because of edge e f f e c t s .  
Summarizing: 
e Exposure of s o l a r  c e l l s  t o  aqueous s o l u t i o n s  caused con tac t  degradat ion.  
0 
e Calcula t ions  ind ica t ed  t h a t  su r f ace  oxida t ion  (50 A) of t i t an ium can genera te  
enough hydrogen and s u f f i c i e n t  pressure  t o  form b l i s t e r s .  The genera t ion  of 
hydrogen is  f a s t  enough t o  preclude d i f f u s i o n  away from the  cor ros ion  s i t e  
be fo re  b l i s t e r  formation. 
@ New b l i s t e r s  formed asld o ld  b l i s t e r s  grew t o  random s i z e s  a s  con tac t  
degradat ion progressed.  
The presence of f l u o r i d e  and c h l o r i d e  ions ,  even i n  small q u a n t i t i e s ,  
acce l e ra t ed  s o l a r - c e l l  con tac t  degradat ion,  e s p e c i a l l y  a t  e l eva t ed  tem- 
pe ra tu re s .  
@ Contacts  f r e e  from halogen contamination degraded i n  humid atmospheres, 
I-V curves by themselves a r e  no t  good i n d i c a t o r s  of con tac t  degradat ion.  
3.2.4 Titanium Corrosion 
Titanium corros ion  i n  a c i d i c  s o l u t i o n s  i n  t he  presence of var ious  ions  has been 
s t u d i e d  by s e v e r a l  i n v e s t i g a t o r s  (Ref. 12 ,  13 ,  25) .  However, no experimental 
d a t a  were found f o r  cor ros ion  behavior i n  s l i g h t l y  a c i d i c  (pH 5 t o  7 )  s o l u t i o n s .  
This a c i d i t y  range is  a t t a i n a b l e  i n  water  exposed t o  the  atmosphere. F luor ide  
ions  were shown t o  be present  i n  s o l a r  c e l l s  (Sect ion 3 .1 ,2 ) ,  and o t h e r  experi-  
ments i nd ica t ed  t h a t  the  presence of f l u o r i d e  and c h l o r i d e  ions enhanced 
cor ros ion  (Sect ion 3.2.3.2) .  
3 .2.4.1 F luor ide  Ion 
Pieces  of 1-mil-thick t i t an ium were abraded wi th  emery c l o t h ,  c leaned wi th  
a l coho l ,  and placed i n  s o l u t i o n s  of water ,  1 normal NH4F, and 1 normal N H 4 ~  
a d j u s t e d  t o  a pH=5. The r e s u l t i n g  rest p o t e n t i a l s  a r e  p l o t t e d  a s  a func t ion  
of time i n  Figure 49. Po in t s  1 and 2 on the  water  curve r ep re sen t  t he  a d d i t i o n  
of approximately moles of f l u o r i d e  ions  t o  t h e  s o l u t i o n ,  and t h e  adjustment 
of the  s o l u t i o n  pH t o  5 ,  r e s p e c t i v e l y .  The changes seen i n  t he  r e s t  p o t e n t i a l s  
r e f l e c t  t hese  pe r tu rba t ions ,  
The t i t an ium i n  the  1 normal N H ~ F  (pH = 5 )  s o l u t i o n  immediately began tu rn ing  
black w i t h  the  evolu t ion  of a gas,  presumably hydrogen. A f t e r  17.5 hours ,  t h e  
s o l u t i o n  contained a s o l i d  r e s idue  and exh ib i t ed  a pa l e  v i o l e t  c o l o r ,  charac- 
t e r i s t i c  of ~ i '  3 . A t  t he  air- t i tanium--solut ion i n t e r f a c e ,  the  t i t an ium was 
corroded almost a l l  the  way through. In  a subsequent t e s t  where the  t i t an ium 
w a s  no t  abraded i t  behaved s i m i l a r l y .  Within a few minutes ,  gas was evolved 
and the  r e s t  p o t e n t i a l  measured -1.2 v o l t s  aga ins t  a s a t u r a t e d  calomel e l e c t r o d e ,  
i n d i c a t i n g  t h a t  t he  p r o t e c t i v e  oxide of the  t i t an ium had been a t t acked  and t h e  
t i t an ium was corroding.  
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The t i t a n i u m  placed i n  t he  o t h e r  s o l u t i o n s ,  however, showed no v i s i b l e  evidence 
of cor roding ,  This  r e s u l t  i s  i n  Wparen t  disagreement wi th  t h e  r e s u l t s  pre- 
v ious ly  d i scussed  (Sect ion 3,2.3.2) where tt p~ of 6 -5 i n  IN n r ~ ~ ~  aiid NaCl 
s o l u t i o n s  a c c e l e r a t e d  degradat ion of s o l a r  c e l l s .  However, p a r t  of t h e  previous 
t e s t s  were a t  9 0 ' ~ .  Since r e a c t i o n  r a t e s  depend q u i t e  s t r o n g l y  on temperature ,  
another  t e s t  was performed where one-mil t i t an ium f o i l  was i n s e r t e d  i n t o  a  
1 N  NW4F ( p ~  = 6.5) s o l u t i o n  which had been hea ted  t o  90°C. Bubbles appeared 
and a p o t e n t i a l  of -1.l8V was recorded,  Obviously t h e  room temperature  cor ros ion  
rate w a s  too  smal l  t o  be  observed. This  i s  a  good example of t h e  e f f e c t  
of temperature  on cor ros ion  r a t e s .  
It i s  s i g n i f i c a n t  t h a t  t i t an ium w i l l  corrode i n  the  presence of f l u o r i d e  a t  
moderate The abso rp t ion  of C02 i n  water  a t  s tandard  temperature  and p re s su re  
r e s u l t s  i n  a  0.038M s o l u t i o n .  The pH of such a  s o l u t i o n  can be  a s  low a s  3.7 
(Ref. 26) .  Water condensat ion i n  pores  i n  t he  s i l v e r  l a y e r  of t h e  s o l a r  c e l l  
c o n t a c t s  can thus provide  a conduct ive,  a c i d i c  s o l u t i o n  where t i t a n i u m  would 
corrode i n  t h e  presence of f l u o r i d e  i ons .  
To o b t a i n  more q u a n t i t a t i v e  d a t a  on the  co r ros ion  of t i t an ium a t  moderate pH, 
p o l a r i z a t i o n  curves were taken i n  s o l u t i o n s  of f l u o r i d e  ion  a t  va r ious  pH 
va lues  and concent ra t ions .  Ex i s t i ng  experimental  appara tus  was used (Figure 35).  
A t e f l o n  c e l l  was b u i l t  t o  expose 0.75 cm2 of t i t an ium meta l  t o  t h e  s o l u t i o n .  
To minimize concen t r a t i on  e f f e c t s ,  approximately 50 m l  of s o l u t i o n  was used i n  
each test .  The pH of t h e  f l u o r i d e  s o l u t i o n s  was ad jus t ed  wi th  H2s04and/or 
KOH. The t i t an ium was abraded wi th  emery c l o t h ,  c leaned w i t h  a l c o h o l ,  and 
"condi t ioned" a t  a  c u r r e n t  of -10 o r  -20 m ~ / c r n ~  f o r  s e v e r a l  minutes be fo re  t h e  
p o l a r i z a t i o n  curve was taken,  Sweep speeds of 100 t o  300 mv/min were used i n  
t he  s t u d i e s .  
A t y p i c a l  p o l a r i z a t i o n  curve (Figure 50) f o r  1 normal NH4F(pH=5) shows t h e  
presence of a p o s i t i v e  cu r r en t  i n  t he  region of -800 mv, i n d i c a t i n g  co r ros ion .  
Assuming t h a t  t he  u n s t i r r e d  s o l u t i o n  i s  d i f fu s ion - l imi t ed  by f l u o r i d e  i o n s ,  
the  l i m i t i n g  co r ros ion  cu r r en t  can be def ined  (Ref. 27) a s :  
where : B = d i f f u s i o n  c o e f f i c i e n t f o r i o n j  j (approximately 7.5 x c m  2  
a  = bulk  a c t i v i t y  of j moles/ml f o r  a  1 normal j s o l u t i o n ) ;  
F = Faraday cons t an t  (96,500 ~oulombs/mole) ;  
z = number of e l e c t r o n s  t r a n s f e r r e d  ( f o u r ) ;  
-2 
6 = d i f f u s i o n  l a y e r  t h i cknes s  (approximately 5 x 10  cm). 
Using these  va lues ,  t he  Limiting c u r r e n t  i can be e s t ima ted  t o  be  approximately 1 58 m ~ / c m ~ ,  which agrees  w e l l  wi th  t he  exper imenta l ly  observed v a l u e  of 53.5 
2 mA/cm f o r  t h e  1 normal N H ~ F ( ~ H = ~ )  s o l u t i o n .  
Corrosion was found t o  occur f o r  only some combinations of h a l i d e  i on  con- 
c e n t r a t i o n s  and pH, F o r  example, t i t an ium i n  1 normal NH F(pH=6,65) e x h i b l t s  
no v i s i b l e  cor ros ion  c u r r e n t  (Figure 51) .  4 
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The r e s u l t s  from t h e  polarization tests are summarized below, YES i m p l i e s  
t h a t  a p o s i t i v e  c o r r o s i o n  c u r r e n t  was observed;  NO i n d i c a t e s  t h a t  c o r r o s i o n  
d i d  n o t  occur  under  t h o s e  c o n d i t i o n s ,  Blank spaces  r e p r e s e n t  c o n d i t i o n s  
t h a t  were n o t  t e s t e d .  
F l u o r i d e  S o l u t i o n s  Concent r a t i o n  
0.0lN 0. lN l N  5N 
- - - 
NO YES YES 




These d a t a  a r e  i n  seemingly p a r t i a l  d isagreement  w i t h  t h e  p r e v i o u s  s e c t i o n  
where d a t a  i n d i c a t e d  t h a t  f l u o r i d e  s o l u t i o n s  a t  a  pH > 6 a l s o  enhanced 
d e g r a d a t i o n  of s o l a r  c e l l s ,  The t ime f o r  t h e  f l u o r i d e  d e g r a d a t i o n  i s  l e s s  
than  260 hours  a t  room tempera tu re  (Table 8 ) .  The c o r r o s i o n  c u r r e n t  (I) 
needed t o  g i v e  c o r r o s i o n  of t i t a n i u m  i n  t h i s  t i m e  can  be e s t i m a t e d  u s i n g  
Faraday ' s  Laws (Ref.  27) .  
where W = weight  of t i t a n i u m  r e a c t e d  
t = t ime (seconds)  ; 
A = molecu la r  weight  (47 gm/mole); 
z = number of e l e c t r o n s  t r a n s f e r r e d  
F = Faraday c o n s t a n t  (96,500 Coulombs/mole). 
0 - 
 - 
Assuming t h a t  50 A of t i t a n i u m  cor rodes  v i a  t h e  r e a c t i o n  T i  4- 6 ~ -  + TiF + 4e  , 
t h e  c o r r o s i o n  c u r r e n t  r e q u i r e d  would be :  6 
I = 
(47 @/mole) (260 h o u r s )  (36OQ s e c / h o u r )  
The t imes  used f o r  t h i s  c a l c u l a t i o n  must be c o n s i d e r e d  a s  approximate because  
t h e  d e f i n i t i o n  of d e g r a d a t i o n  i s  s u b j e c t i v e  and t h e  q u a n t i t a t i v e  amount of degra-  
d a t i o n  i n  a s o l a r  c e l l  i s  d i f f i c u l t  t o  de te rmine .  
The equipment used i n  p o l a r i z a t i o n  measurements i s  n o t  s e n s i t i v e  enough t o  
measure t h e  0.0197 PA c o r r o s i o n  c u r r e n t s  c a l c u l a t e d  above s o  i t  i s  p r o b a b l e  t h a t  
c o r r o s i o n  was indeed  osctrrring d u r i n g  t h e s e  measurements, b u t  i t  proceeded 
u n d e t e c t e d ,  The f ac t  t h a t  l a r g e  c o r r o s i o n  c u r r e n t s  were s e e n  in some s o l u t i o n s  
a t  pH < 5 would imply t h a t  cor ros ion  a l s o  occurs a t  pH > 5 b u t  a t  reduced r a t e s ,  
There is a l s o  t h e  p o s s i b i l i t y  t h a t  f i l m  t h i c k n e s s  c@n a f f e c t  c o r r o s i o n  r a t e ,  
The t i t a n i u m  f i l m  i n  s o l a r  ce l l s  is very t h i n  0 a 3  A )   herea as p o l a r i z a t i o n  
---- w e t ,  measured w i t h  ch ick  f i l m s  (I m i l ) ,  Data by Beck (Ref, 23)  on r e a c t i v i t y  
of t i t a n i u m  i n d i c a t e d  t h a t  s m a l l  g r a i n  t i t a n i u m  r e a c t e d  much more v i g o r o u s l y  
than t h i c k  f i l m s ,  Th is  phenomenon cccurs  w i t h  o t h e r  s u b s t a n c e s ,  such  as 
p la t inum b l a c k ,  
We do n o t  y e t  know by what r e a c t i o n  ~nechanism t h e  t i t a n i u m  cor rodes  i n  f l u o r i d e  
s o l u t i o n .  The i n i t i a l  a t t a c k  on t h e  t i t a n i u m  f o i l  can be e x p l a i n e d  by a  r e a c t i o n ;  
S ince  t i t a n i u m  d i s s o l v e s  t h e  r e a c t i o n  t h a t  most l i k e l y  o c c u r s  is :  
The p o t e n t i a l  f o r  t h i s  r e a c t i o n ,  - l , l 9 v  (Ref.  2 8 ) ,  i s  very  c l o s e  t o  t h e  measured 
v a l u e .  The fo rmat ion  of some type of o x y f l u o r i d e  complex i s  a l s o  p o s s i b l e .  
The p resence  of t h e  v i o l e t  c o l o r  i n  t h e  r e s t  p o t e n t i a l  t e s t  i n d i c a t e s  t h e  
p resence  of TiC3 which would come from t h e  r e a c t i o n :  T i  +- TiC3 C 3e-. Beck 
has  a l s o  s e e n  ev idence  f o r  t h i s  r e a c t i o n  i n  h i g h  pH systems (Ref.  2 9 ) .  It i s  
a l s o  p o s s i b l e  t h a t  t h e  f l u o r i d e  a c t s  i n  a c a t a l y s t  r o l e  through a  series of 
r e a c t i o n s  where i t  i s  an i n t e r m e d i a t e ,  be ing  r e g e n e r a t e d  a s  t h e  c o r r o s i o n  
p roceeds .  
The d a t a  show t h a t  t h e  c o r r o s i o n  c u r r e n t  depends on c o n c e n t r a t i o n  and pH. We 
cannot  e s t i m a t e  t h e  a c t u a l  f l u o r i d e  c o n c e n t r a t i o n  and pH w i t h i n  a  s o l a r  c e l l  
c o n t a c t  b u t  t h e  o v e r a l l  f l u o r i d e  c o n c e n t r a t i o n  must be s m a l l  ( S e c t i o n  3 .1 .2) .  
Local  c o n c e n t r a t i o n s ,  however, can be h i g h e r  depending on t h e  amount o f  w a t e r  
p r e s e n t ,  Some of t h e  mass spec t roscopy  work showed e q u a l  amounts of f l u o r i d e  
and water (Table I) i n d i c a t i n g  a  s a t u r a t e d  s o l u t i o n  of f l u o r i d e  i n  t h a t  
p a r t i c u l a r  c a s e .  The o v e r a l l  ev idence  s u g g e s t s  t h a t  even s m a l l  amounts of 
f l u o r i d e  i o n  w i l l  enhance t h e  c o r r o s i o n  of t i t a n i u m  i n  s o l a r  c e l l s  o v e r  long  
p e r i o d s  of t ime,  e s p e c i a l l y  a t  e l e v a t e d  t empera tu res .  
3.2.4.2 Chlor ide  Ion 
C h l o r i d e  i o n s  a l s o  b r e a k  down t h e  p a s s i v i t y  of ox ide  c o a t i n g s  (Ref.  30) .  
Because o u r  p r e v i o u s  work impl ied  t h a t  t h e  p resence  of c h l o r i d e  a l s o  enhances  
d e g r a d a t i o n ,  p o l a r i z a t i o n  s t u d i e s  were conducted u s i n g  v a r i o u s  pH c h l o r i d e  
s o l u t i o n s .  The r e s u l t s  a r e  shown below. 
Chlor ide  S o l u t i o n s  Concen t ra t ion  
Again a  d isagreement  e x i s t s ,  The t ime  s c a l e s  f o r  t h e  c h l o r i d e  d e g r a d a t i o n  
(< - 73 h o u r s  f o r  b l i s t g r  Bornation) would r e q u l r e  a c o r r o s i o n  c u r r e n t  of rt, 8 , 0 6  
~ ~ _ / s m ~  t o  c o r r o d e  50 A of ti?-,anium. T h i s  ci irrei i t  is l ~ e l o w  iile s e n s i t i v i r y  of 
our  i n s t r u m e n t  . 
Rest  p o t e n t i a l s  of t i t a n i u m  i n  c h l o r i d e  s o l u t i o n s  were n o t  measured. However, 
t o  t e s t  t h e  t empera tu re  e f f e c t ,  a s o l u t i o n  of 1 N  N a C l  was h e a t e d  t o  90°C, and 
t h e  r e s t  p o t e n t i a l  of t i t a n i u m  i n  t h e  s o l u t i o n  found t o  be  -0.032V. There 
were no v i s i b l e  s i g n s  of c o r r o s i o n  a c t i v i t y .  
It i s  known t h a t  t i t a n i u m  a l l o y e d  w i t h  a n o b l e  metal reduces  t h e  c o r r o s i o n  
rate of t h e  t i t a n i u m  (Ref ,  31) .  It shou ld  b e  n o t e d ,  however, t h a t  t h e  c o r r o s i o n  
is  n o t  complete ly  h a l t e d .  To e x p l o r e  t h e  b e h a v i o r  o f  t i t an ium-noble  meta l  
sys tems i n  t h e  p r e s e n c e  of f l u o r i d e  i o n  w e  coupled t i t a n i u m  t o  p la t inum i n  a 
one-normal NH4F(pH = 5)  s o l u t i o n  and recorded  t h e  r e s t  p o t e n t i a l  as a f u n c t i o n  
of t i m e  (F igure  5 2 ) .  When coupled t o  t h e  p l a t i n u m ,  fewer  bubbles  were e m i t t e d  
from t h e  t i t a n i u m  s u r f a c e ,  s u g g e s t i n g  t h a t  t h e  c o r r o s i o n  slowed, b u t  d i d  n o t  
s t o p .  A f t e r  one h o u r ,  t h e  one-mil t h i c k  p i e c e  of t i t a n i u m  had a lmost  corroded 
through (F igure  53). Buck e t .  a l .  (Ref. 13)  a l s o  n o t e d  t h a t  t h e  p r e s e n c e  of 
f l u o r i d e  i n c r e a s e d  t h e  c o r r o s i o n  r a t e  o f  t i t an ium-p la t inum a l l o y  a p p r e c i a b l y .  
Summarizing : 
We f i n d  t h a t  t i t a n i u m  cor rodes  i n  f l u o r i d e  s o l u t i o n s  more n e u t r a l  t h a n  
p r e v i o u s l y  d e s c r i b e d  i n  t h e  l i t e r a t u r e .  
r High tempera tu re  a c c e l e r a t e s  d e g r a d a t i o n  of s o l a r  c e l l s  i n  f l u o r i d e  
s o l u t i o n s .  The high- temperature  d e g r a d a t i o n  phenomena a g r e e  
q u a l i t a t i v e l y  w i t h  p o l a r i z a t i o n  d a t a  when tempera tu re  i s  t a k e n  
i n t o  account .  
@ Room tempera tu re  s o l a r  c e l l  d e g r a d a t i o n  i n  f l u o r i d e  s o l u t i o n s  cannot  
be  c o r r e l a t e d  d i r e c t l y  w i t h  t h e  p o l a r i z a t i o n  d a t a  which s u g g e s t s  t h a t  
no c o r r o s i o n  i s  t a k i n g  p l a c e .  E i t h e r  t h e  c o r r o s i o n  c u r r e n t s  a r e  
below t h e  t h r e s h o l d  of d e t e c t i o n  of t h e  p o l a r i z a t i o n  a p p a r a t u s ,  o r  
t h e  t h i n  f i l m  of t i t a n i u m  i n  t h e  s o l a r  c e l l  does  n o t  behave i n  t h e  same 
manner as does t h e  t i t a n i u m  s t r i p s  t h a t  we t e s t e d .  
@ S o l a r  c e l l  b e h a v i o r  i n  c h l o r i d e  s o l u t i o n s  does  n o t  c o r r e l a t e  w i t h  
t i t a n i u m  b e h a v i o r  i n  c h l o r i d e  s o l u t i o n s .  Again t h e  c o r r o s i o n  c u r r e n t s  
may be too  low t o  be measured w i t h  our  equipment,  o r  t h e  t h i n  f i l m  
of t i t a n i u m  i n  s o l a r  c e l l s  de te rmines  i t s  r e a c t i v i t y  towards t h e s e  
s o l u t i o n s ,  
@ Coupling of t i t a n i u m  w i t h  p l a t i n u m  reduces  t h e  c o r r o s i o n  r a t e  of 
t i t a n i u m  i n  t h e  p r e s e n c e  of f l u o r i d e  i o n ,  b u t  does  n o t  h a l t  i t .  

F igu re  53: CORRODED TITANIUM FOIL 
4.0 PRESENT DAY S O U R  CELL BEHAVIOR 
- 
Based on t h e  work done ~p t o  this p o i n t ,  the behavior p a t t e r n  of present  day 
s o l a r  c e l l s  i n  a humid atmosphere can he p red ic t ed :  
@ When subjec ted  t o  -L 100% RH t he  s o l a r  c e l l  w i l l  degrade because water  
w i l l  condense i n  the  pores  of t he  s i l v e r  l a y e r  and r e a c t  wi th  t h e  
t i t an ium.  
To t e s t  t h i s  hypothes is ,  n ine  c e l l s  (4 Bel io tek ,  5 Cent ra lab)  were obta ined  
from product ion l i n e s  and exposed t o  a  9Q0C, Q 100% RH environment. I - V  curves 
were taken p e r i o d i c a l l y ,  Af te r  288 hours ,  two Heliotek c e l l s  and one Centra- 
l a b  c e l l  showed increased  s e r i e s  r e s i s t a n c e  and I - V  degradat ion.  A f t e r  936 
hours ,  I - V  curves were recorded f o r  a l l  n ine  c e l l s .  The I -V  c h a r a c t e r i s t i c s  
of some c e l l s  were s a t i s f a c t o r y  even a f t e r  t he  900 hours .  The c e l l s  were 
then examined f o r  evidence of con tac t  degradat ion (Table 9 ) .  A l l  c e l l s  l o s t  
Table 9 : SOLAR CELL DEGMDAPION BEtiAVlOR (TEST NO. 1 ) 
T e s t  Condttfons: 9 0 " ~ ~  .- 186X W 
Time : 936 Hours 
contac t  adherence on the c r i t i c a l  sm-faeing s i d e ,  Centralab c e l l s  l o s t  
adherence mainly i n  the b a r  con tac t ;  Hebiotek showed more tendency t o  l o s e  
both the  ba r  contac t  and the grids, This might be r e l a t e d  t o  the  SiO coa t ing  
t h a t  i s  placed on f i n i s h e d  c e l l s '  7 4 
The s u r p r i s i n g  r e s u l t  was t h e  good c o n t a c t  adherence and back of b l i s t e r s  
on most o f  t h e  Cen t ra lab  back c o n t a c t s ,  The reason  f o r  t h i s  i s  not known, 
S e v e r a l  p o s s i b i l i t i e s  exisL, The sun-facing s i d e s  of H e l i a t e k  and Cent ra lab  
c e l l s  are similar i n  s u r f a c e  c h a r a c t e r i s t i c s ,  and b o t h  types  show s i l v e r  
s e p a r a t i o n  on t h i s  s i d e .  D i f f e r e n c e s  i n  s u r f a c e  c h a r a c t e r i s t i c s  e x i s t  w i t h  t h e  
back c o n t a c t  (Sec t ion  3 . 1 . 1 ) .  P o s s i b l y  adhesion c h a r a c t e r i s t i c s  a r e  l i n k e d  t o  
t h e  s u r f a c e  s t r u c t u r e .  A second p o s s i b i l i t y  is  t h a t  non-porous s i l v e r  w a s  
d e p o s i t e d  on t h e s e  c e l l s .  This  is  u n l i k e l y  s i n c e  a l l  of t h e  i n t e r n a l  r e f l e c t i o n  
s p e c t r o s c o p y  samples were porous  t o  h i g h  humidi ty  (Sec t ion  3 .1 .4 ) .  Mass 
spec t roscopy  d i d  n o t  i n d i c a t e  a  d r a s t i c  d i f f e r e n c e  i n  con tamina t ion  between 
manufac tu re r s .  We a r e  h e s i t a n t  t o  a t t r i b u t e  t h e  d i f f e r e n c e  i n  b e h a v i o r  t o  
c l e a n l i n e s s .  Fur thermore,  o u r  d a t a  i n d i c a t e  t h a t  even c l e a n  systems w i l l  degrade 
( S e c t i o n  3 .2 .3) .  
W e  r e p e a t e d  t h e  t e s t  u s i n g  subsequen t ly  produced c e l l s .  Again t h e  test c o n d i t i o n s  
were 90°C and above % 100% RH. A f t e r  24  hours  a l l  f o u r  H e l i o t e k  c e l l s  had 
e x t e n s i v e  p e e l i n g  of t h e  s i l v e r  g r i d s  (Table 1 0 ) .  One of t h e  C e n t r a l a b  c e l l s  
Table l o  : SOLAR C E L L  DEGRADATION BEHAVIOR (TEST NO, 2)  
T e s t  CsnditPsns: 9 0 e C ,  - LOO% KH 
had b l i s t e r s  a l l  over the back con tac t  and two o the r  Centralab c e l l s  had 
b l i s t e r s  on the  sun-facing s i d e ,  Af t e r  48 hours a t  these condi t ions  a l l  of t he  
Centralab c e l l s  l o s t  con tac t  adhesion on the  sun-facing s i d e  and t h r e e  of t h e  
four  back con tac t s  had s i l v e r  s epa ra t ion .  The incons i s t en t  behavior of s o l a r  
c e l l s  shows up w e l l  i n  these  t e s t s ;  some c e l l s  with no b l i s t e r s ,  y e t  s i l v e r  
s epa ra t ion ;  some con tac t s  b l i s t e r i n g ,  o t h e r s  n o t ;  s i l v e r  s epa ra t ion  only along 
edges, o t h e r s  a l l  over .  
A s  shown by the f i r s t  t e s t  ca re  must be taken not  t o  r e l y  only on I - V  
c h a r a c t e r i s t i c s  when determining the  degradat ion behavior of t he  c e l l s .  Even 
though some c e l l s  show s i g n s  of r e s i s t a n c e  t o  e l e c t r i c a l  degradat ion t h e  f a c t  
t h a t  s i l v e r  s epa ra t ion  occurs  i n d i c a t e s  t h a t  the  use fu l  l i f e  of t he  c e l l  i s  
reduced. Most degradat ion is  seen t o  occur on t h e  c r i t i c a l .  sun-facing s i d e  of 
of t he  c e l l .  
These t e s t s  show t h a t  p re sen t  day 1970 c e l l s  w i l l  degrade c o n s i s t e n t l y  i n  a  
high humidity atmosphere. 
5 .0  .APPENDIX 11 STEPS I N  mWFACTURE OF SILICON SOLAR CELLS 
--- 
One of t h e  g o a l s  of t h i s  s t u d y  w a s  t o  i d e n t i f y  s t e p s  i n  s o l a r  c e l l  manufactur ing 
where c o n t a i n a t i o n  might occur .  L i s t e d  below is  a  composi te  of s t e p s  used  by 
manufac tu re r s  t o  produce solar  c e l l s .  Th i s  composite i s  based on d a t a  o b t a i n e d  
from NASA Lewis Research C e n t e r ,  H e l i o t e k  and C e n t r a l a b .  I n d i v i d u a l  s t e p s  va ry  
depending on t h e  m a n u f a c t u r e r ,  P r o p r i e t a r y  c l e a n i n g  s t e p s  used by t h e  manu- 
f a c t u r e r s  a r e  on ly  g e n e r a l i z e d  h e r e .  
Grow i n g o t  . 
Clean i n g o t ,  
Cut f l a t  on i n g o t .  
Mount i n g o t  f o r  s e c t i o n i n g .  
S e c t i o n  i n t o  d i s k s .  
Demount s e c t i o n s .  
P roduc t ion  i n s p e c t  s e c t i o n s .  
Lap s e c t i o n s .  
Mount s e c t i o n s  f o r  s l a b b i n g  ( b a r r i n g ) .  
Cut s l a b s  ( b a r s ) .  
Demount s l a b s .  
Lap s l a b s .  
Mount s l a b s  f o r  s l i c i n g  ( w a f e r i n g ) .  
Mount b i l l e t  i n  diamond-saw wafe r ing  machine. 
S l i c e  s l a b .  
Demount s l i c e s ,  
Mount s l i c e s  f o r  p o l i s h i n g  ( a l t e r n a t e - e t c h  s l i c e s ) ,  
P o l i s h  s l i c e s  w i t h  26 micron a lumina powder. 
P o l i s h  s l i c e s  w i t h  5 micron powder. 
P o l i s h  s l i c e s  w i t h  1 micron powder. 
Demount s l i c e s ,  
P r o d u c t i o n  i n s p e c t  s l i c e s .  
C lean  s l i c e s  i n  t r i c h l o r o e t h y l e n e  ( a l t e r n a t e s - a c e t o n e ,  i s o p r o p y l  
a l c o h o l ,  s u l f u r i c  a c i d ) ,  
Etch s l i c e s  i n  a c i d  s o l u t i o n  ( a c e t i c ,  n i t r i c ,  h y d r o f l u o r i c ) :  
a. Mix a c e t i c  and h y d r o f l u o r i c  a c i d  and pour o v e r  s l i c e s .  
b.  Add n i t r i c  a c i d  t o  s t a r t  e t c h .  
c .  E tch  r e q u i r e d  t ime ,  e.g., 4 minu tes ,  
d .  Quench e t c h  w i t h  d e i o n i z e d  w a t e r .  
Clean s l i c e s  i n  d e i o n i z e d  w a t e r .  
Dry s l i c e s  i n  a l c o h o l ,  
Dry s l i c e s  i n  s t ream of n i t r o g e n  g a s ,  
S t o r e  i n  p l a s t i c  c o n t a i n e r s .  
D i f f u s e  i n  q u a r t z  tube o r  b o a t  w i t h  POCl c a r r i e d  w i t h  0  
Anneal s b i c e s  , 3 2 ' 
S t o r e  i n  covered Pyrex c o n t a i n e r ,  
Mask N l a y e r  w i t h  t ape  ( a l t e r n a t e - c o v e r  w i t h  wax) ,  
S a n d b l a s t  c e l l s  t o  expose p  l a y e r  ( a l t e r n a t e - c h e m i c a l l y  e t c h )  . 
Remove mask o r  wax, 
Clean c e l l s  i n  t r i e h t o r o e k h y l e n e ,  
Ciean i n  nitric-hydrofluoric-acetic a c i d  s o l u t i - o n ,  
Clean i n  d e i o n i z e d  water, 
Dry w i t h  methyl- o r  i s o p r o p y l  a1coh0l .  
Dry s l i c e s  i n  s t r e a m  of n i t r o g e n  gas ,  
S t o r e  s l i c e s  i n  Pyrex c o n t a i n e r  w i t h  d e s i c c a n t ,  e , g , ,  CaSO 
Load f i x t u r e s  f o r  e v a p o r a t i o n  of c o n t a c t s .  4 * 
Clean t i t a n i u m  f i l a m e n t  w i t h  S i c  paper .  
Clean s i l v e r  f i l a m e n t ,  
-5 Measure vacuum, must be l e s s  t h a n  5 x 1 0  T o r r .  
Evaporate  t i t a n i u m ,  
Evaporate  t i t a n i u m  and s i l v e r .  
Evaporate  s i l v e r ,  
Break vacuum w i t h  d ry  n i t r o g e n .  
P l a c e  c e l l s  i n  s i n t e r i n g  oven. 
Admit hydrogen gas  t o  oven. 
S i n t e r  c e l l s  a t  605'~ i n  gas .  
Clamp c e l l s  between rubber  wafe rs  (a l t e rna te -mask  c e l l  f a c e s  w i t h  wax).  
Remove N l a y e r  from c e l l  edges w i t h  HF a c i d .  
Clean c e l l s  i n  d e i o n i z e d  wate r .  
Evaporate  s i l i c o n  monoxide on c e l l .  
F i r e  s i l i c o n  monoxide c o a t i n g .  
Perform t a p e  t e s t  on s i l v e r  c o a t i n g .  
Clean c e l l  a f t e r  t a p e  t e s t .  
P r o d u c t i o n  test c e l l s  mechan ica l ly .  
P roduc t ion  t e s t  c e l l s  e l e c t r i c a l l y .  
S t o r e  c e l l s  i n  p o l y s t y r e n e  s l o t t e d  boxes .  
Package f o r  shipment .  
Contamination from f l u o r i d e s  comes from t h e  HF e t c h i n g  p r o c e s s e s  which a r e  
used s e v e r a l  t imes  d u r i n g  t h e  manufactur ing p r o c e s s .  Handling of c e l l s  a t  
v a r i o u s  t imes  even w i t h  c o t t o n  gloves  can i n t r o d u c e  o r  s p r e a d  con tamina t ion ,  
e s p e c i a l l y  c h l o r i d e - c o n t a i n i n g  compounds. Cleaning p r o c e s s e s  o f f e r  oppor- 
t u n i t i e s  t o  i n t r o d u c e  contaminants  from impure wash s o l u t i o n s .  Tape tests 
l e a v e  t r a c e s  of r e s i d u e  on s o l a r  c e l l  s u r f a c e s  o b s e r v a b l e  i n  X-ray d i f f r a c t i o n  
s t u d i e s .  
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